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1 Introduction 
Technologies are developing more than ever in the nanometre world nowadays, therefore it is fun-
damental to develop items that could allow to controlling the positioning of each single atom of the 
materials that forms the nano-device. Controlling the manufacturing of these devices enables to 
confer physical properties that determine amazing functionalities. 
This need started to be faced more than 30 years ago; items discovered at that time are still improv-
ing and are still being utilized while new ones are being developed.  
Few days before I started to write this thesis, IBM issued the movie “A Boy And His Atom: The 
World's Smallest Movie” in which the actors were atoms positioned in the space and each of the 
frame that composed the movie was an images of these atoms positioned in the space according to 
the fantasy of the IBM scientists. This movie told to the world the history of a guy playing with a 
ball, that was an atom [1]. This demonstrates that the controlling of the nano world is one of the 
most important research field for the new technologies.  
The subject of this thesis find is context in this research field. 
The aim of this thesis is to design a Scanning Thermal Force Microscope (SThM). This machine 
can be used to manufacture nano devices made by polymers utilizing a thermal process.  
 
Chapter 1 (Introduction to the Atomic Force Microscope) describes in general terms what an Atom-
ic Force Microscope (AFM) is and what its functions are.  
In this section there is an explanation of how an AFM can be developed in order to be used as an 
SThM. 
 
Chapter 2 (Scanning Thermal Microscope Features) focuses on the features of the system we de-
veloped. In this section, the description of the system is divided into four parts : the optics, the sig-
nal processing, the piezo controller and the thermal control. In each of these parts, there is a brief 
description of its main features and the design choices we made.  
 
Chapter 3(Development of the Optics) describes the optics of the system we developed following 
Binnig, Quate and Gerber’s 1986 design of the AFM.  
This section also contains the results we obtained testing different lasers and the problems we had 
with the calibration of the system due to the thermal scanning probe used.  
 
Chapter 4 (Signal processing) deals with the signal processing of the system. Firstly, there is an 
analysis of the noise that affects the system. The value of the signal-noise ratio is obtained from 
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experimental data gathered performing scans of a step with a height of 30 nm. Afterwards there is a 
description of the development of a filter we made in order to reduce the noise affecting the system.  
 
Chapter 5 (Thermal Control Development) describes the development of the thermal control of the 
system. The control of the temperature is obtained through a Wheatstone bridge and a proportional-
integral-differential (PID) control. 
 
We developed the system using a digital signal processor (DSP), a nano position controller, a 3A 
class red laser and a Butterworth low-pass filter which we designed and tested.  
We decided to design the filter using Orcad and Multisim CAD programmes. The results obtained 
were processed through Matlab scripts. The control of the system requires the programming of the 
DSP which we programmed using ADwin language. 
The main results achieved are : succeeding in scanning devices with a height of 30 nm and control-
ling the temperature of the system up to 220°Celsius. 
This project has been developed in the Physics and Astronomy Department of University College 
London and it has been supervised by Prof. Franco Cacialli and his group. 
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1 Introduction to the Atomic Force Microscope 
This chapter introduces the context in which the work we did is inserted. We will make a brief in-
troduction of the main aspects that characterize an atomic force microscope (AFM) and a scanning 
thermal atomic force microscope (SThM) focusing on those ones that we faced and we analysed 
during the work we did.  
The first part of the chapter is focused on the description of an AFM system, of its main elements 
and its modalities of utilization. The second part is focused on the description of a SThM system. 
1.1 The Atomic Force Microscope (AFM) 
The atomic force microscope (AFM) is a system developed by Benning, Gerber, and Quate [2] [3] 
in 1985 that utilizes a finely profiled nano-scale tip (probe < 10nm) at the end of a flexible mechan-
ical cantilever to progressively scan across the surface of a sample to extract images of the mor-
phology of this sample with a resolution lower than few nanometres . (Figure 1.1). 
This system followed the invention of the scanning tunneling microscope in 1981 by Binnig and 
Rohrer, therefore other systems aimed at scanning surfaces of sample had been discovered earlier 
but the AFM was much simpler and less cumbersome respect to the previous ones. For this reason 
it became, and still is, one of the most important system utilized to perform nano analysis of sam-
ples. The AFM is used in several research fields and it can perform scans of biological ,organic or 
inorganic samples and it can be used in different environments as vacuum, fluids or in ambient air.  
This instrument is classified within the instruments that belong to the scanning probe microscope 
family in which are included other important systems as the scanning near field optical microscope 
(SNOM), the scanning tunneling microscope (STM) and the scanning thermal atomic force micro-
scope (SThM).  
The AFM can generally measure the vertical and horizontal deflection of the cantilever with nano-
metre resolution. To achieve this resolution AFMs use the optical lever (or optical leverage), a de-
vice that achieves resolution comparable to an interferometer that is also inexpensive and easy to 
develop and use. The optical leverage operates by reflecting a laser beam off the back of the canti-
lever of the tip. Angular deflection of the cantilever causes a twofold larger angular deflection of 
the laser beam. The reflected laser beam strikes a positions sensing detector (PSD).  
The most common AFM scheme is displayed in Figure 1.2 and it follows the scheme also devel-
oped by Gerber, Quate and Benning in their first AFM. It is possible to notice that the main ele-
ments that compose the system are the tip probe, the cantilever, the laser, the PSD and the scanner. 
The following subsections describe briefly these main elements of an AFM system, instead in the 
subsection 1.1.4 the most common conditions of utilization of an AFM are described.  
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Figure 1.1. The first AFM built by Quate, Gerber and Benning in 1986. This image is a 
picture of the system that is located in the London science museum. 
 
 
Figure 1.2. A view of the most common AFM scheme [4]. 
1.1.1 Aspects of the AFM system: the tip probe and the cantilever 
The tip for the AFMs are sharp probes, usually made by silicon (Si), silicon nitride (Si3N4) or other 
materials as platinum-iridium or platinum clad in silver (Wollaston wire).  
These probes are used to scan specimens surface. The sharpness of a tip probe determines the sen-
sitivity of the probe. Comparing tips with different radius of curvature for their apex, the tips with 
radius of curvature smaller has better spatial resolution because more capable to insert themselves 
into the roughness of the surfaces scanned. The radius of curvature is on the order of few nanome-
tres (Figure 1.3) or even tens of picometres.  
Construction of a Scanning Thermal Atomic Microscope 8 
Luca Santarelli 
The tip is the end of a cantilever that has mechanical properties and a shape that change depending 
on the material that the tip has to scan. When the tip is brought into proximity of a sample surface, 
the force between the tip and the sample deflects the cantilever according to Hooke's law [5]: 
1.1         = ∆ /  	  
where the quantity ΔZ is the deflection of the cantilever tip caused by the force ΔF that occurs be-
cause of the interaction between the tip and the sample, KC is the spring constant of the cantilever. 
Generally KC has a value between 0.1 N/m and 100 N/m. Once the tip is chosen, one of the aspect 
to consider is the value of KC of its cantilever. KC is chosen according to the stiffness of the materi-
al of the sample to scan in order to avoid to damage both the sample and the tip.  
The force that can lead this deflection are the sum of many causes as the mechanical contact force, 
the Van Der Waals forces, the capillary forces, chemical bonding, the electrostatic forces, magnetic 
forces and other interactions the can occur between the tip and the atoms of the surface of the sam-
ple. 
The AFM measures this deflection and if this measurement is repeated in many points of the sur-
face of the sample, so that it is possible to draw a 2D spatial map of the morphology of the sample. 
 
 
 
Figure 1.3. The profile of a tip probe with a radius of curvature of few nanometres and a 
lengths of tens of µm. (image taken from Wikipedia) 
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Figure 1.4. The curve displayed describes how the force that occurs between the tip and 
the sample changes according to the variation of the distance between them. Image tak-
en from [7].  
   
a     b 
Figure 1.5. (a) AFM image of a cat muscle with a resolution of 3 nm. (b) Rendering 3D 
of an AFM image of blood cells.[6]  
The cantilever is a force sensor that needs to work with the probe that interacts with the force field 
due to the interaction between the tip and the surface. It is possible to draw a curve that describes 
the variation of this force according to the variation of the distance between the tip and the surface 
in ambient air (Figure 1.4). This curve can be divided in three different regions [7]: 
 Free space: the portion in which there is no interaction between the tip and the sample. 
The tip is far from the surface. 
 Attractive region: the portion in which the values of the force is negative, that means the 
force that is occurring is attractive.  
 Repulsion region: the portion closest to the beginning of the axis of Figure 1.4 in which 
the force increases and is positive, therefore repulsive. This region starts when the distance 
between the tip and the surface is lower than 2 Angstrom. 
The point named contact point in the curve of Figure 1.4 corresponds to the distance in which the 
tip touches the surface but no force is occurring. This distance is of the order of 2 Angstrom [8]. 
Force 
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In the contact point the force is null and it is the point in which the tip should be positioned and 
maintained in order to perform the scan. 
1.1.2 Aspects of the AFM system: the scanner stage 
The scanner is responsible to move the tip across the sample. It is generally a piezo board that is 
positioned below the sample. It moves the sample within a volume according to the signal it re-
ceive from a controller. The controller sends to the scanner three signals, one for each direction (X 
Y Z). 
The controller can be a digital signal processing (DSP), a FPGA or another electronic board with a 
microprocessor on board. 
The volume within which the sample can be moved generally is between 40 µm x 40 µm x 10 µm 
and 400 µm x 400 µm x 200 µm. 
The scanner moves the sample positioning the tip onto a matrix of point of the surface of the sam-
ple. The rows of this matrix are called fast scan or line scan. The tip covers each row forwards and 
backwards. This action along the same line scan is called trace-retrace scan (Figure 1.6).  
The distance between the points is the step size of the scan and this distance determines the resolu-
tion of the system. However the resolution depends on the radius of curvature of the tip as well. 
The speed of the scan, expressed as nm/sec or µm/sec, and the frequency of the scan meant as 
number of points covered in a second (step/sec) can be set by controlling the scanner.  
 
Figure 1.6. The matrix of points that the tip covers in order to scan the sample [9]. 
1.1.3 Aspects of the AFM system: the PSD and the laser 
The PSD is a device that is composed by four or more photodiodes. When the laser strikes this ar-
ray of photodiodes, each one of them produces a signal which is proportional to the part of the re-
flected beam that strikes it. 
The difference between the signals produced by the photodiodes indicates the position of the laser 
spot on the detector and thus the angular deflection of the cantilever. The performances of these 
devices are dependent on the wavelength of the laser adopted to scan the samples. The PSDs are 
characterized by the responsivity that is the intensity of the current, produced depending on the 
power of the incident laser. Therefore the responsivity is expressed in A/W. Generally the PSDs are 
characterized by a responsivity curve that describes the current (per unit power) of A per W pro-
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duced by each one of the photodiode of the PSD depending on the wavelength of the incident laser. 
This curve is fundamental in order to choose the laser in the development phase of an AFM. Figure 
1.7 shows the responsivity curve of a PSD produced by OSI-optoelectronics. 
 
Figure 1.7. The responsivity curve of a PSD produced by the OSI-optoelectronics. It 
shows how the responsivity change depending on the wavelength of the incident laser 
[10]. 
1.1.4 Conditions of use of an AFM 
The AFM has two conditions of use that are called contact mode (or static mode) and contactless 
mode (or dynamic mode). In turn the contact mode has two modality of utilization that are the con-
stant force mode  and the constant height mode [9]. 
1.1.4.1 Contact mode 
In the contact mode the tip is positioned above the surface in the position highlighted as contact 
point in Figure 1.4 or even closer to the surface. This means that the tip is in general positioned at a 
distance lower than 2 Angstrom from the surface. The reason behind the choice of positioning the 
tip at that distance is due to the attractive force that can be quite strong, causing the tip to snap-in to 
the surface causing damages both to the sample and to the tip. Positioning the tip in the region in 
which is present repulsive force prevents from this effect.   
Once it has been positioned the scanner stage moves the tip within the matrix of point that deter-
mines the scan of the sample. 
The way the scanner moves the tip along its scan path determines the distinction between the con-
stant force mode and the constant height mode. 
The constant force mode is performed controlling the vertical movements of the tip through the 
scanner in order to maintain constant the quantity ΔF of the equation 1.1. Each time the cantilever 
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is deflected it means that the value of ΔF is changed and it is because of the change of the force oc-
curring between the tip and the surface. Therefore the system moves the tip vertically changing the 
quantity ΔZ of the equation 1.1 and restoring the value of ΔF.  
In order to restore ΔF, it can be performed a proportional-integral-derivative (PID) control that acts 
on the system checking continuously the value assumed by ΔZ .  
When the contact mode scan is performed the most used modality is the constant force one. In fact 
controlling the force that acts on the cantilever it is possible to avoid damaging both the tip and the 
sample. 
The constant height mode is performed maintaining the vertical position of the scanner constant. 
Therefore in this case the deflection of the cantilever is not controlled and the force that acts on it 
change according to the morphology of the sample.  
In both cases the information that permits to extract the image of the surface is linked with the de-
flection of the cantilever.  
1.1.4.2 Contactless mode 
In the contactless mode the cantilever is externally oscillated at or close to its fundamental reso-
nance frequency. Generally a lock in amplifier is plugged directly into the tip or into a fork that 
holds the tip. The principle of operation is to exploit the piezoelectric behaviour of the material 
which is made the cantilever or, if the latter is poorly piezoelectric, the material of which is made a 
fork used to hold the tip. 
The lock in amplifier sends a sinusoidal signal with a certain frequency that makes oscillate the 
cantilever. 
The amplitude of oscillation is typically between few nanometres (<10 nm) and few picometres. 
The van der Waals forces, which are strongest from 1 nm to 10 nm above the surface, or any other 
long range force which extends above the surface acts to modify the oscillation amplitude, phase 
and resonance frequency. These changes respect to the external reference oscillation provide in-
formation about the sample's characteristics. [11] 
The name contactless is due to the fact that the scan can be performed with the tip remaining quite 
distant from the surface and in most cases there is not an effective contact between the tip and the 
sample. Therefore this modality of scan does not suffer from tip or sample degradation effects that 
are sometimes observed after taking numerous scans with the contact mode. This makes contactless 
scans preferable for measuring soft samples as biology samples and organic thin film (Figure 1.5). 
One of the problem of this modality is that if monolayers of adsorbed fluid are lying on the surface 
of a rigid sample, the tip will oscillate above the adsorbed fluid layer and it builds images of both 
the liquid and surface, therefore the images may look quite different. On the contrary a contact 
mode penetrates the liquid layer. A solution to this problem is the tapping mode that makes oscil-
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late the cantilever with an amplitude that succeeds to approach the tip to the sample within the 
range of contact [12]. The tapping mode is less robust to the consumption of the tip and the sample 
than the complete contactless mode but, in the meantime, it is less invasive and more robust to con-
sumption than the contact mode. 
1.2 Scanning thermal force microscope (SThM) 
A scanning thermal force microscope (SThM) is an AFM that maps changes in thermal conductivi-
ty across a sample’s surface and also can be used to perform thermo-lithography on the sample.  
The SThM can be obtained by replacing the standard contact mode cantilever with a nanofabricated 
thermal probe with a resistive element near the apex of the probe tip [13] (Figure 1.8).  
 
   
a       b 
Figure 1.8. SEM images of two thermal probes. (a) a XE series thermal probe from Park 
Systems. (b) a Wollaston wire probe from Veeco Systems. Images taken from [14] 
The apex inserted in these thermal probes is a positive thermal coefficient resistor (PTC) or a nega-
tive thermal coefficient resistor (NTC) that changes its value of resistance according to a linear law.   
The system is obtained using the tip as one of the four resistor that forms a Wheatstone bridge cir-
cuit. The Wheatstone bridge allows to the system to monitor the value of the resistance assumed by 
the tip.  
If the system is aimed at acquiring thermal images, it measures the variation of the resistance of the 
tip due to its heating up or cooling down because of the interaction with the sample. This modality 
is called temperature contrast mode (TCM) ( or reading mode) and the tip is, as matter of fact, a 
thermometer [14]. An example of the result of a scan of a carbon fibre and epoxy sample done in 
TCM mode is reported in Figure 1.9. 
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a       b 
Figure 1.9 (a) The image of the surface of a sample of carbon fibre and epoxy. (b) A 
thermal map obtained with a SThM of the same sample of carbon fibre and epoxy. 
Image taken from [14] 
If the system is aimed at making thermo-lithography on the sample the tip is heated up controlling 
the current flowing in it. A PID control checks continuously the value of the resistance of the tip 
and acts on the value of the current flowing in the tip in order to reach and maintain a certain tem-
perature. This second modality is called conductivity contrast mode CCM (or writing mode). 
An example of a CCM scan mode is reported in Figure 1.10. 
When the SThM system is used in the CCM mode it is a powerful item of devices manufacturing. 
In order to perform both CMM and TCM contact with the sample is needed. Figure 1.11.a reports 
the results of a CMM scan of a sample, whereas Figure 1.11.b reports the results of the TCM scan 
of the same sample executed after it has been scanned in the CMM mode.  
The subject of this thesis is focused on the development of a SThM using a Wollaston wire probe 
(Figure 1.8 b) that can be used to scan samples morphology, to obtain samples thermal maps or to 
perform samples thermo-lithography.  
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Figure 1.10. The results of a CCM scan in which four squares have been incised in a 
polymeric sample. [13] 
 
 
Figure 1.11. (a) The results of a CCM scan and (b) of a TCM scan executed on the same 
sample with this order [14].  
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2 Scanning Thermal Microscope Features 
The purpose of this chapter is to introduce the subject of the thesis. The thesis is the description of 
a scanning thermal atomic force microscope (SThM) design and development. The first paragraph  
briefly introduces the purpose of the work. explaining the context of the project and the reason of 
it. Since the SThM is a very complex system, it was designed and developed according to Des-
cartes approach which suggests: to divide each of the difficulties under examination into as many 
parts as possible, and as might be necessary for its adequate solution [15].Therefore the system 
has been divided into different parts breaking down the complex problem of the construction of the 
SThM into many smaller and faceable problems. In the second section all single components of 
each part are largely described. 
2.1 Introduction of the project 
The system developed in this thesis work is a SThM aimed at the production of nano-patterned 
structures of poly p-phenylene vinylene (PPV), with dimensions below 28 nm. The PPV is obtained 
from p-xylene tetrahydrothiophenium chloride (PXT) heated over 200°C. Its applications range 
from polymer-based LEDs to transistors and photovoltaic cells. It can be used either in its unsubsti-
tuted insoluble form [16], prepared by pyrolysis of a soluble precursor, or as a functionalized de-
rivative with side-groups conferring solubility [17]. In order to be converted, the precursor of PPV 
– the insolubilized PXT – needs an ultraviolet (UV) exposure followed by the development of a 
patterned film in methanol. Afterwards, a baking in vacuum (~200°C) ensures the complete con-
version into PPV. This process could be completely bypassed by heating in situ the PXT using a 
SThM according to the process developed by Prof. Franco Cacialli and Oliver Fenwick [18] and 
illustrated in Figure 2.1. 
For further details about the chemical process that gives PPV from PXT see references 16, 17, 18. 
This thesis focuses on the engineering development of the SThM for nanopatterning of advanced 
functional materials. One application of this SThM is the manufacturing of the PXT to obtain PPV 
nanodevices. The entire work was carried out at the Department of Physics and Astronomy, divi-
sion of London Centre for Nanotechnology (LCN), Condensed Matter and Material Physics group 
(CMMP) of the University College London (UCL).  
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Figure 2.1. Thermochemical nanopatterning. Schematic of the Wollaston wire probe, a 
resistively heated wire, which is connected to an external temperature control circuit. 
This probe is mounted on a SThM and is scanned in contact mode with a precursor pol-
ymer film at a constant temperature. The inset shows the thermal conversion route of 
the precursor polymer, PXT, to fully conjugated PPV, which occurs optimally at ~200 
°C. 
In this chapter the reader can understand as the SThM was realized. The first step is to figure out  
exactly which components are part of a SThM. A SThM is an atomic force microscope (AFM) with 
a thermal control of its tip. Literature offers plenty of descriptions about how to split an AFM sys-
tem in several sub-systems [19] [20]. The subdivision adopted in this thesis includes the following 
parts (Figure 2.2): 
I. Optics: It is composed of a laser, a photo detector, a tip probe, posts and optical manipula-
tors. This part generates the signal coming from the scan of the sample surface . 
II. Signal processing: It comprises a Digital Signal Processor (DSP) and analog and digital 
filters. This part filters the signal coming from the scan to reduce the noise component, 
displays the variation of the signals according to the tip displacement in the space and gen-
erates a file that eventually needs to be interpreted by Gwyddion or in Matlab. Therefore 
2D images of the sample surface can be obtained. 
III. Piezo control: It is implemented in the DSP environment and it serves to control the 
movement of the piezo under the sample. It sets the length of the displacement of the tip 
and the speed of the scan. 
IV. Thermal Control: It consists of a circuit that measures the temperature of the tip and heats 
it up, in order to reach 200°C necessary to convert PXT in PPV.  
V. Software Control: It consists of a high level program, usually developed in a Labview en-
vironment, that allows user to set all the parameters of the systems and to obtain the results 
of the scan.  
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Along this text is discussed how the first four aspects have been implemented and the results which 
have been reached. The development of the software control has to be faced still. Because of the 
lack of a control software, user needs to boot and program the DSP, through the ADwin tools, at 
every use. This is actually uncomfortable and requires a good knowledge of the ADwin tools. In 
addition it makes the system less reliable and slows down the process. Nevertheless some results 
can be achieved by using the items already developed and hereafter discussed. Of course they are 
still coarse and require a strong improvement anyway. The reader can find a complete description 
about the design of the optics in the third chapter, the processing of the signal coming from the 
photodiode in the fourth chapter and the design of the thermal control in the fifth chapter. 
2.2 Technical features of the system  
The chosen devices could be arranged following the distinction made before, thus the reader can 
immediately see which device belongs to which part of the system and therefore how each device 
characteristics affect the entire system performances. It is important that the reader could easily 
identify the parameters on which he can act in order to improve the development of the entire sys-
tem. 
For instance, in order to improve the speed of the scan, the developer needs to know which is the 
slowest component of the system and act on it consequently. At the moment the slowest component 
is the piezo scanner that is not able to move the sample more than 250 times per second (250 
Hz).This means that the scan cannot assess the displacement of the tip over 250 times per second. 
Therefore to improve the speed of the tip displacement is required to act on the piezo scanner. By 
introducing the devices used in each part of the system and by mentioning their features this should 
help to understand which are the limits of the system and where it is necessary to intervene. 
In the following subsections the main aspects of each part of the system are briefly described. Each 
part of the system is composed of one or more devices whose parameters and features determine 
the behaviour of the entire system. Tables 2.1 and 2.2 provide a summary of all these parameters. 
In particular these tables report the setting of the parameters for the development phase of the sys-
tem. For further details the datasheets of each employed device have been indicated in the notes 
along the following description. 
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Figure 2.2. A SThM scheme. Section I is the optics of the system, and it is responsible 
for collecting the signal coming from the scan. Section II is responsible for processing 
the signals coming from the photodiode used in the system. Section III is responsible 
for controlling the position of the sample by moving the piezo scanner under it. Section 
IV is responsible for controlling the temperature of the tip and for heating of it as well. 
Section V deals with the software control. It can provide functions for setting the pa-
rameters and the modality of scan. 
2.2.1 Optics features 
The optics of the system, consists of three components: a laser, a photodiode and a tip. The used 
laser was a 670 nm wavelength COHERENT.INC 0220-857-00 laser, that is a red laser. It has a 
peak power of 5 mW (4.2 mW ± 5 %) and works in a continuous wave modality. The beam has a 
rectangular shape of 4.6 mm x 1.3 mm, and a lens is mounted onto the case of the laser in order to 
calibrate the beam and focus it at a point. This laser is considered a class III A laser according to 
the International Electro-technical Commission (IEC) classification for risks coming from the utili-
zation of these devices [21]. A class III A laser is a laser safe to watch with naked eye. For lasers 
emitting in the range of wavelengths between 400 and 700 nm, the protection is ensured by the de-
fence reactions of the eye, including the palpebral reflex. For different wavelengths the risk to the 
naked eye is not higher than that of a class I laser. Direct viewing of the beam of Class III A lasers 
with optical instruments (for instance. binoculars, telescopes, microscopes) can be dangerous. This 
laser was chosen after evaluating three different lasers and after checking that its power was not 
dangerous for the photodiode. The photodiode spot can absorb signals with a power density until 
10 mW / cm2. Since the peak power of the laser used is known,  the power density can be obtained 
by using the equation[22]: 
2.1          	       	(
 
   
) = 
   
  
× 	     	(  ) 
where d is the diameter of the beam in millimetres. Therefore the power density of the laser used 
can be calculated by inserting in 2.1 the largest beam length (4.6 mm), the value of the peak  
I 
II 
III 
IV 
V 
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(5 mW) and assuming that the profile is uniform (the 2.1 already considers the transformation from 
mm to cm of d and it needs to receive the value of power in W). The power density of the laser 
used is 30 mW / cm2 that is actually greater than the allowed value. Nevertheless this laser can be 
used because the value obtained from the equation 2.1 was assessed by assuming a circular beam 
was instead of a rectangular one. Hence this value should be divided by a correcting factor given by 
the ratio between the area of a circle and that of a rectangle with its longest side equal to the  diam-
eter of the circumference. Afterward, considering that the length of the longest side of the rectangle 
is quite three times and half the length of the shortest one (4.6 mm vs. 1.3 mm), the correcting fac-
tor-is given by: 
2.2                	  =
   
 	
 .  
   	
=  
 .  
 
= 2.772 
where d is the diameter of the circumference or the longest segment of the rectangle. This factor 
should be introduced in the equation 2.1: 
2.3         	       	(
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× 	     	(  ) 
thus obtaining a power density of 10.822 mW/cm2 that is slightly higher than the allowed value. 
Nevertheless the reader should consider that the laser does not directly impact on the photodiode, 
but reaches it after a reflection that further reduces the power density onto the spot of the photodi-
ode. That is why this laser can be used. 
The photodiode, also called Positions Sensing Detector (PSD), used in the optics section is the 
QD50-0-SD by OSI-optoelectronics . This device has on board a four segmented photodiode. The 
segments were obtained separating by two small gaps a common substrate with a shared cathode. 
The spot is circular and the two gaps are crossed in the centre of the spot. Each gap has a length of 
200 µm, that is conceivable if this length is compared to the dimensions of the laser beam. Figure 
2.4a shows the QD50-0-SD which has the four-segmented photodiode on board, Figure 2.4b shows 
the section of the SThM used to hold the photodiode and calibrate its position. The calibration of 
the detector position is necessary because, as it will be described later, the change of the tip from a 
scan to another causes the change of the beam reflection above the tip and the alignment with the 
photodiode spot. In order to obtain a reliable measure during a scan it is important to place each 
time the beam exactly at the centre of the detector before start scanning, because this means fix the 
starting point of the measure. 
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Figure 2.3. Pictures of the employed laser. 
To explain the features introduced by the photodiode it is important to describe the operating prin-
ciple of this kind of device [23]. 
Photodiodes operate by absorption of photons or charged particles and generate a current flow in an 
external circuit. The modulus of the current depends on the incident power on the spot. These de-
vices consist of a p-n junction diode obtained by diffusion to planar silicon. Particles of boron have 
been diffused into a n type bulk silicon wafer and particles of phosphorous into a p type one.  
Silicon is a semiconductor that has a band gap energy of 1.12 eV at room temperature. By increas-
ing the temperature, the energy of the electrons increases and they become more and more excited. 
If an electron receives a thermal energy greater than or equal to 1.12 eV it escalates from the va-
lence to the conduction band thereby creating a free electron (and a positively charged electron 
hole). The energy may be transferred to the electrons through a thermal process as well as through 
particles that strike the junction and excite its electrons. In order to transfer at least 1.12 eV an inci-
dent wave with a wavelength less than 1,100 nm must be used. 
The photodiode used in this project is based on the last principle. To understand other details deal-
ing with the photodiode and other adopted choices, the reader should consider how the depletion 
region of the junction affects the bandwidth and accordingly why no reverse bias voltage was ap-
plied to the photodiode.  
Because of the concentration gradient, in a p-n junction with no external electric field applied, the 
electrons move from the n region towards the p region while the holes move in the opposite direc-
tion, until a balance is reached. Thus the depletion region is due to this inter-diffusion of electrons 
and holes between the n and p regions across the junction and it results in a region with no free 
charge carriers available. These diffusions develop a built-in voltage across the depletion region, 
that results in an electric field with a maximum value at the junction and a zero value outside of the 
depletion region. The reached balance  does not generate any current, if no voltage is applied to the 
junction or no photons or other charged particles strike the spot. In these terms of use no current 
flows through the device except the dark current that is the current flowing through the photodiode 
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in the absence of light. Anyway its value is usually really low and negligible compared to the cur-
rent generated by the incident light.  
When a photon or a charged particle of sufficient energy strikes the spot it excites an electron, 
thereby creating a free electron (and a positively charged electron hole). These carriers are swept 
from the junction by drift in the depletion region and are collected by diffusion from the not deplet-
ed region, generating a current. The current depends on the incident photons or particles which are 
exponentially absorbed with distance. The absorption is, in turn, proportional to a penetration coef-
ficient that is really high for short wavelengths in the UV region and small for longer wave-
lengths(see figure 2.5a). This means that as the wavelength of the incident light increases the sili-
con becomes more and more penetrable until it becomes transparent for wavelengths exceeding 
1,200 nm. The used laser with a wavelength of 670 nm, has a penetration depth of 3 µm. For the 
research purpose this value is satisfactory in order to exploit the full dynamic range provided by the 
photodiode, that is ±10V on each output canal. 
  
a       b  
Figure 2.4. Pictures of the employed photodiode as it is from the factory (a) and on 
board its holder on the SThM. It is possible to see that optical manipulators and posts 
have been used in order to permit to calibrate XZ position of the photodiode.  
The exploitation of the full dynamic range also depends on the power of the signal. From this point 
onwards it is assumed that the employed photodiode provides the maximum value of output voltage 
when it is illuminated by a 670 nm laser with a peak power of 5 mW . Finally with the employed 
laser the photodiode  shows a responsivity of 0.42 A/W. This value is good enough in the devel-
opment phase of the project, however, according to the datasheets, the photodiode provides the best 
performances (responsivity equal to 0.65 A/W and penetration depth of 15 µm) by using a 950 nm 
laser (see figure 2.5 b). The use of this laser is therefore recommended  for future improvements of 
x 
z 
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the system, but in this phase it is extremely inconvenient since it requires working in the not visible 
range. 
Pointing out that the laser has a power peak of 5mW and a mean power ranging between 3.99 mW 
and 4.41 mW (4.2 mW ±5%, see the table 2.1 below) and considering that the responsivity is 0.42 
A/W, it is possible to deduct through a simple mathematical equivalence a current maximum peak 
value of 2.1 mA and a mean range of values between 1.6758 mA and 1.8522 mA (1.764 mA ± 
5%).These values are high enough to obtain an output voltage of ±10V. 
 
 
a      b  
Penetration depth vs. Wavelength   Responsivity vs. Wavelength   
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c      d  
Dark Current vs. Reverse bias Voltage    Cross-Over (200µm) 
 
e      f  
Capacitance vs. Reverse bias voltage   Temperature effect vs. Wavelength 
 
Figure 2.5 a, b, c, d, e, f. These diagrams show how the performances of the photodiode 
QD50-0-SD change according to the laser wavelength and the reverse bias voltage. 
With a laser wavelength of 670 nm and a null reverse bias voltage the photodiode 
shows a penetration depth of 3 µm (a); a responsivity of 0,42 A/W (b); a dark current of 
33 nA at 23°C (c); a cross-over region per each quadrant of 200 µm (d); a capacitance 
of 125pF (d) and  a temperature coefficient of 0,1%/°C (e). 
All the considerations reported so far are based on the assumption that no reverse bias voltage was 
applied. In fact if any reverse bias voltage is applied between the terminals of the junction, the de-
pletion region width and the field across the junction consequently change. This changes affect 
many aspects of the device such as the bandwidth, the dark current, the noise shot generated in the 
device and the capacitance of the junction that decrease if an enlargement of the depletion region 
occurs. The choice of a null reverse bias voltage has three advantages: 
- it minimizes the values of the dark current and the shot noise,  
- it minimizes the dependence from the temperature,  
- it is not required to minimize the capacitance of the junction in order to enlarge the band-
width (see figure 2.5 c, e, f). 
According to the photodiode datasheets, with a null reverse bias voltage the photodiode has a dark 
current of 33 nA at 23°C, a temperature coefficient of 0.1%/°C and a capacitance of 125 pF. Thus it 
is possible to obtain, in the worst case, a light current/dark current ratio of 50,782 that means that 
the dark current is negligible. 
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A temperature coefficient of 0.1%/°C indicates that only the 0.1% of the energy required to esca-
late from the valence band to the conduction band is supplied by the thermal energy per each Cel-
sius degree acquired by the photodiode (further details about dark current and thermal noise are re-
ported in 4.2.1). 
Focusing now on the capacitance of the junction and its role, as a rule of thumb, the application of 
a reverse bias voltage is useful in order to obtain a faster response of the device and a larger band-
width too, since it generates a lower value of the capacitance across the junction. In fact a lower 
capacitance means a lower number of charges that have to be empty in case. If it is necessary to 
improve the bandwidth and the time response of the system, the enlargement of the depletion re-
gion could be a solution even if it would result in an increase of the dark current, the temperature 
dependency and the shot noise. In order to describe the correlation between the reverse bias voltage 
and the bandwidth of the system, a circuital model has been issued in the documents of the  
OSI-optoelectronics (see note 8) in which not only the capacitance of the junction was considered 
but also the shunt resistance, which depends on the width of the depletion region. Both the capaci-
tance and the shunt resistance affect the time constant τ of the system and consequently the band-
width and the slew rate. As regards this project, the circuital model of the photodiode is not de-
scribed. This chapter only has to justify the adopted choices and introduce the highlights of the pro-
ject. Anyhow is possible to find out more in the references. 
Now all that remains is to briefly describe how the photodiode manages to localize the beam inci-
dent on its spot. Firstly the spot is circular and its detection diameter is 440 µm. Actually the spot 
dimension is greater than this value, but the detection area is only the active portion of the spot 
where the generated current increases linearly depending on the displacement of the beam onto it 
(see Figure 2.5.d). Secondly the photodiode generates three signals: two signals, Vtb and Vlr, that 
indicate respectively the vertical and the horizontal displacement of the beam, and a third signal, 
Vsum, that indicates the depth of the signals. The depth of a signal indicates, in the context of this 
thesis, the potential value that each signal can achieve. If Vsum has a value of 10 V this means that 
both Vtb and Vlr have a range between -10 V and +10 V. Otherwise if Vsum is equal to 5 V, this 
means that both Vlr and Vtb have a range between -5 and +5V. As previously stated, each signal can 
achieve a modulus of 10 V, in particular Vtb and Vlr can assume both positive or negative sign, 
whereas Vsum can only assume positive values. Consequently Vtb and Vlr can vary between -10 V 
and +10 V instead Vsum is always between 0 V and +10 V. 
Vtb is the most important signal since it reveals the vertical movements of the tip. These move-
ments are the ones that occur when the tip detects the roughness of the sample under scan. During a 
scan the tip is moved by the piezo controller along its frontal direction and in the meantime it is in 
contact with the sample all the scan long. If the tip meets any sample roughness during the scan, it 
is displaced up and down vertically. The vertically displacing of the tip causes the variation of the 
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Vtb values. Therefore it is possible to map the morphology of the sample according to the values 
assumed by the signal Vtb. 
Vtb, Vlr, Vsum are generated by a linear combination of the currents that occur in each segment of the 
spot. In fact each segment generates a current that is independent from the other segments and only 
depends on the portion of the beam incident onto it. Looking at the circuit of the photodiode in fig-
ure 2.6.a. and b, the four currents, Ia, Ib, Ic, Id,  coming from the four segments of the photodiode are 
collected by four operational amplifiers which give in output four voltage values, A,B,C,D where A 
refers to the voltage due to the current Ia that was collected and amplified in one of the stage called 
A1. Similarly B is the voltage due to Ib, C to Ic, D to Id.  
Vtb, Vlr and Vsum are obtained as follows: 
2.4       = −[(   +   ) − (   +   )]10
  = (  +  ) − (  +  ) 
2.5      = −[(   +   ) − (   +   )]10
  = (  +  ) − (  +  ) 
2.6        = − (   +    +    +   )10
  =   +   +   +   
The factor 104 is the conversion factor due to the stage A1, that amplifies and converts from current 
to voltage, so it is a resistance of 10 KΩ. 
In order to understand how Vtb, Vlr and Vsum change according to the beam displacement onto the 
spot, a simple experiment was performed. The 670 nm laser was projected directly on the spot of 
the photodiode, 20 cm away from the laser source, and moved so as to cross the spot from the left 
to the right passing through its centre . Keeping in mind that the photodiode was positioned like in 
figure 2.5.a., as long as the beam is outside the detection area the current from the photodiode has a 
low value mainly due to thermal noise. When the beam enters the active area the current starts to 
increase and reaches quite quickly the maximum level. In that point Vtb remains almost null where-
as Vlr and Vsum assume the value of +10 V. This means that the beam reached the edge of the detec-
tion area and that it is exactly 220 µm far from the centre. From this point onwards Vlr varies ac-
cording to the displacement of the beam, whereas Vtb remains fairly the same, or rather almost null. 
Vsum remains constant at +10 V throughout the active area. Continuing to move the laser to the cen-
tre, the current decreases linearly until it reaches a null value when the laser strikes the centre of the 
spot. If the beam now proceeds until reaching the right edge of the spot, the current starts to in-
crease again in modulus but with a negative sign and it reaches the maximum value of -10 V when 
the beam is 220 µm far from the centre on the right side. If the beam carries on to go ahead toward 
right, the signal decreases rapidly to a really low value comparable with that recorded at the begin-
ning of the experiment (figure 2.7.a,b,c,d). If the same experiment is repeated moving the laser so 
as to cross the spot  from the bottom to the top passing through its centre, similar results are ob-
tained, except that now Vlr remains almost null all along the crossing, whereas Vtb is null at the be-
ginning, then decreases up to -10 V. As the beam crosses the spot it increases and reaches +10 V 
when the beam is on the other side of the spot. As in the previous experiment, Vsum remains  null at 
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the edge outside the active area and quite constant and equal to +10V across the active area (figure 
.2.8.a,b,c,d). Therefore the modulus of the voltage from the photodiode is important to understand 
how much the beam is displaced across the spot, whereas its sign permits to understand in which 
section of the spot the beam is localized.  
According to the results of the experiment the laser is powerful enough to push on saturation the 
photodiode and the latter is in saturation for most of the crossing of the laser (figure 2.8). This is a 
good result in this phase of the development because we were testing if the power of the laser was 
high enough to obtain the maximum Vtb possible from the photodiode.  
The transition region of the signal Vtb is the region in which the photodiode is expected to be used. 
In this region each movement of the tip is associated to a value of voltage. On the contrary, if the 
tip moves when the photodiode is in its saturation region the voltage associated to these tip move-
ments does not vary, therefore no useful information is intelligible in the saturation region. Despite 
this, the slope of Vlr in the first case and the slope of Vtb in the second case appear extremely steep, 
therefore it seems that is not possible to obtain any useful information from the transition region, as 
well as the saturation region. Nevertheless it is possible to use the device in that region. In fact we 
did these experiments without paying attention to the speed used to move the laser onto the spot 
nor  the length crossed by the laser in each step. We decided to move the laser by steps, each 150 
µm long, in order to cover a distance of 2 cm with 134 steps. The detection area measures 440 µm, 
this means that the laser covered the active area in less than four steps. The length and the speed of 
each movement of the laser onto the spot are sensitive factors and they need to be decided carefully 
in order to use the photodiode in the transition region. Further details about these aspects are treat-
ed in section 4.3. 
Both experiments were performed taking 800 samples at 8 Hz without taking into account the rela-
tion between frequency and bandwidth, that would suggest to use a sampling frequency of 230 kHz 
since the declared bandwidth with these terms of use is 125 kHz. In fact the these preliminary tests 
were designed to estimate the modulus of the voltage expected output from the detector in the ab-
sence of any reflections. Therefore observing what happens with a low sampling frequency is com-
pletely reasonable. The collected measures represent the goal to reach during the construction of 
the optics. Several efforts have been made before succeeding to get, despite the reflection, an inci-
dent beam with a power high enough to exploit the full dynamic range of the photodiode. 
According to the technical sheets supplied by OSI-optoelectronics, each photodiode segment has an 
active area of 220 µm. This means that for each µm covered by the laser, moving from the edge to 
the centre of the spot, the voltage varies by 45.45 mV. As will be described in the chapter 4, the 
lowest detectable value with no filter applied is approximately 0.2 V, because of the vibrational 
noise that strongly affects the system. 
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This could suggest that the system is not able to detect displacements less than 4 µm. Therefore in 
order to detect tip displacements with a resolution of the order of tens of nanometres, an optical 
leverage, described in chapter 3, and a proper signal processing, described in chapter 4, were intro-
duced  
 
 
a 
 
b 
Figure 2.6. Segmented spot of the detector (a) and its circuit (b). The spot has four 
quadrants that have been classified like A-B-C-D clockwise. 
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Vtb 
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Construction of a Scanning Thermal Atomic Microscope 30 
Luca Santarelli 
  
a      b 
  
c      d 
Figure 2.7 a, b, c, d. Measure of the three voltages generated by the photodiode while it 
is crossed by the beam of a laser exactly on its horizontal diameter. The measure has 
been executed placing the laser 20cm far from the spot, that has been beamed directly 
onto it. The frequency of sampling has been 8 Hz and 800 samples have been collected. 
In the figure a, b, c are displayed respectively Vlr, Vtb and Vsum as they are obtained by 
the measurement system, the AdWinGold DSP, that provides values from 0 to 65536, 
according to its analog-digital 16 bit converter. The range of values of these digits cor-
responds to a dynamic range of the voltage between -10 V and +10 V. The figure d is a 
Matlab graph where the Y values of the graph have been converted in voltage values 
and all plots have been overlapped. 
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c      d 
Figure 2.8 a ,b, c, d. Measure of the three voltages generated by the photodiode while it 
is crossed by the beam of a laser exactly on its vertical diameter. These measurements 
have been obtained in the same operating conditions described in figure 2.7. The figure 
a shows the value of Vtb which is the one expected to change all around the dynamic 
range of the photodiode. In fact it starts from -10V and increase linearly until reach +10 
V, as long as the beam is inside the active area. b and c show the Vlr and V sum that, as 
expected, are respectively quite null and quite constant at +10V , as long as the beam is 
inside the active area. The last graph, d, shows a Matlab graph in which the Y values of 
the graphs have been converted in voltage value and all plots have been overlapped.  
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The last item belonging to the optics section is the tip, also called probe. As it will be described in 
detail in the third chapter, the tip features strongly affect the operation of the entire system. 
Many limitations of the system such as the calibration of the system before each scan, the maxi-
mum resolution achievable, the power of the reflected beam and the design of the thermal control 
strongly depend on the tip. The chosen tip is a Wollaston tip Veeco models 1600-10 and 1600-15.  
This tip is obtained using a Wollaston wire that is a less than 0.1 mm thick platinum wire clad in 
silver [24]. The tip was obtained bending this Wollaston wire and shaping it like in figure 2.9.a. 
The extensions of the branches opposite to the bended part are similar to train tracks and constitute 
the cantilever of this probe. A filament of platinum/rhodium has been inserted in this segment of 
Wollaston wire to confer to the device its electric properties. The filament diameter is 5 µm. The 
top of the tip is uncovered therefore the filament of platinum/rhodium is visible (figure 2.9.b). The 
uncovered part is designed to interact with the samples and its contacting perimeter is 100 nm.  
 
  
a     b 
Figure 2.9. Images of the Wollaston tip Veeco 1600-10. (a) is a picture taken directly 
from the system. (b) is a microscope image (SEM) of the tip that makes possible to ap-
preciate the platinum/rhodium core. 
 
The cantilever of this tip has a spring constant of 5 N/m, whereas the filament has a nominal re-
sistance of 2.1 Ω and a temperature coefficient of 0.00165 K-1 which gives to the tip a thermal re-
sistor behaviour [25]. A drop of glue was positioned across the two cantilever branches and a mir-
ror was placed onto it, that is responsible to reflect the beam incident on the tip. The thermal prop-
erties of the tip are a thermal cooling constant τc of 270 µs and a thermal heating constant τh of 200 
µs; straightforwardly this means that in order to lose or gain a Celsius degree the touching part 
spends 270 and 200 µs respectively. According to a mathematical model described in chapter 3, 
this tip can potentially detect a roughness with a resolution of 5 nm.  
Construction of a Scanning Thermal Atomic Microscope 33 
Luca Santarelli 
 DEVICE  FEATURES 
 Red Laser 
Coherent.inc 0220-857-00 
www.coherent.com 
 5 mW of peak power (4.2 mW ± 5 %) 
 wavelength of 670 nm 
 continuous wave and uniform profile 
 rectangular shaped beam (4.6 mm-1.3 mm) 
 supply required 5 V 
 Photodiode four segments 
OSI-optoelectronics QD50-0-SD  
www.osioptoelectronic.com 
 three voltage output (Vtb, Vlr, Vsum) 
 dynamic range of each output ±10 V 
 supply required ± 15 V  
 four segmented spot 
 gap between each spot 200 µm 
 dark current between 15 nA and 33 nA 
 penetration depth of 3 µm 
 responsivity 0.42 A/W @ 670 nm 
 2,1 mA output current peak (1.764mA±5%) 
 circular detection area (diam =7.978 mm)  
 length of effective detection area 440 µm 
 bandwidth of 125 kHz @ Vpdbias=0 
 capacitance 14 pF/mm2 @ Vpdbias=0 
 Temperature coefficient = 0.1% per °C 
 Signal/Thermal noise= 41.876 @ 23° 
 Wollaston tip 
Veeco 1600-10/ 1600-15 
www.brukerafmprobes.com/p-
3409-clst-mt.aspx  
 diameter of the wire 5 µm 
 spring constant of cantilever 5 N/m 
 contact perimeter 100 nm  
 resistance of the wire R0= 2.1 Ω @ 25° C 
 temperature coefficient α = 0.00165 K-1 
 constant of cooling τc = 270 µs 
 constant of heating τh  = 200 µs 
Table 2.1 Features of the components used to develop the optics of the system. These 
features refer to the set of parameters chosen for the development of the system. For 
further details about the range of values provided by these devices see the notes 8, 9, 10. 
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2.2.2 Signal processing items 
The signal processing section is designed to receive and filter the signals Vtb, Vlr and Vsum from the 
detector, to record them and create a file report which is analysed, elaborated and rendered in an 
image through a software like Gwyddion or Matlab. 
The signal processing items include an AdWinGold DSP and an eighth order Butterworth filter de-
signed to cut frequencies higher than 30 Hz.  
The AdWinGold DSP represents the core of the entire system because it not only collects the sig-
nals from the PSD, but it also controls the scan of the system. More precisely it controls the piezo 
stage allowing to set all the parameters dealing with the execution of the scan such as the length, 
the speed and the number of the steps, the duration of the scan and the sampling frequency . It is 
not important, as for the PSD before, to explain exactly all the features dealing with this device, 
frankly too boring and not necessary in this point of the description of the system, nevertheless who 
wants to carry on the development of this system should acquire a good knowledge of this item, 
both of the hardware and the software, especially he should acquire confidence in the program lan-
guage. However the software issued by the company ADwin [26] has, within the folders usually 
stored into the pc during the installation of the software, several technical sheets about both hard-
ware and software, which can provide all information required to use properly this item. 
The AdWinGold DSP has both input and output channels (Figure 2.10). The channels used in this 
project are input 1-2-3-4 called In1, In2, In3, In, and output 1-2-3-4, defined as Out1, Out2, Out3 
and Out4. Each channel works in a range of ±10 V, but the AdWinGold does not work directly 
with these values, they are converted every time in digital values through an AC/DC converter if 
ports are in input and through a DC/AC converter if ports are in output. Both the AC/DC and the 
DC/AC are 16 bit converters, therefore the generated value is reported as a number between 0 and 
65,535, that corresponds to 216 -1. In1, in2, In3 and In4 are plugged respectively to Vtb, Vlr, Vsum 
and to the output signal of the Butterworth filter, that is simply the filtered Vtb. Out2, Out3 and 
Out4 are respectively connected to the input control channels of the piezo 1, 2, 3. These three 
channels of the piezo move the sample and consequently the tip onto it in a X-Y-Z reference sys-
tem, where the X axis is the frontal direction starting from the tip, the Y axis is the lateral direction 
starting from the tip and Z axis is the vertical direction above the tip. The In1 is not more reliable to 
use with a coaxial wire because its central hole is enlarged and it does not connect well the wire, 
although In1 is still able to provide a right value of voltage and for this reason it is still used to cal-
ibrate the system reading the voltage from it with the probe of a digital multimeter. Of course in 
order to work properly the voltage reference of the photodiode and the AdWinGold should be the 
same, for this reason the pin 6 of the photodiode is directly connected to the two pins of the 
AdWinGold used as ground.  
A complete description of all connections is available in the appendix a. 
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Figure 2.10. Ports on the AdWinGold DSP  
Just observing these few connections it is possible to guess that the AdWinGold is a bridge be-
tween the tip and the piezo below it, in fact it moves the sample and collects data resulting of this 
action in the meantime. As previously said  the expected frequency range in which the information 
is located is really low, mostly due to the maximum frequency reachable by the piezo scan that is 
250 Hz. Therefore it is conceivable to consider that the useful signal is in the range from 0 to 250 
Hz as well. Nevertheless the AdWinGold has a clock frequency of 40 MHz but, considering that 
the AC/DC converter of each input-output spends 5 µs to convert data, the maximum sampling fre-
quency is reduced to 200 kHz. Now considering that the bandwidth of the PSD is 125 kHz, the 
DSP is not able to analyse the signals in the PSD bandwidth without being affected by aliasing er-
ror. In fact according to the Nyquist Shannon theorem on frequency sampling [27],the sampling 
frequency must be at least twice the frequency of the sampled signal. (fsampling ≥ 2*fsignal)  Therefore 
the DSP should achieve at least 250 kHz in order to avoid any problem. The DSP is not able to 
achieve a sampling frequency of 250 kHz but we decided to use it and to set it at its maximum fre-
quency sampling. This choice is justified by the fact that all the signals in the highest part of the 
PSD bandwidth are presumably noise signals of some kind and not really useful signals. We com-
pared the results obtained using the DSP with the ones obtained by a digital oscilloscope set with a 
sampling frequency of 2 GHz. This comparison confirmed that the useful signal is localized in the 
lower part of the spectrum.  
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Another interesting aspect of this DSP is that it is able to manage parallel processes in a multitask-
ing environment. The user can even assign a priority to the process he decides to load on the DSP. 
Low priority processes are managed by time slicing. Specified high priority processes interrupt all 
low priority processes and are immediately and completely executed (pre-emptive multitasking). 
High priority processes are executed as time-controlled or event-controlled processes (external 
trigger).The AdWinGold is characterized by an extremely short response time of 300 ns during the 
change from a low to a high priority process, namely the change is executed at 3 MHz. However in 
this project we decided to use the processes setting them with the same priority, but this functional-
ity can be used for future developments. 
The multitasking approach has been used several times in this project, for example it was useful to 
observe the signal Vtb from the PSD and in the meantime the filtered Vtb from the Butterworth filter 
and highlight the differences between them. The communication between DSP and Pc does not af-
fect the real-time capability of the AdWinGold, so it is possible to exchange data at any time. 
Finally, two software development environments of the AdWinGold called ADbasic and ADlog, 
are briefly presented in Figure 2.11. 
 
 
Figure 2.11. A snapshot of the ADbasic software environment. The central part is de-
signed to write programs. Multiple programs can be written in the same time. 
The ADbasic has been used to write several programs that will be described in the following chap-
ters. The display is composed of a central box designed to write the program. The Build drop-down 
menu allows to compile and check errors (Figure 2.12.a). In the left bottom part of the software 
window there are two columns Par and Fpar. They are memory locations inside the DSP that are 
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updated every time a program is loaded and run. The Options drop down menu (Figure 2.12 b) is 
necessary to set some aspects such as the type of the used processor (T9 for the AdWinGold), the 
label assigned to each process that usually consist in a number (i.e. process 3), the priority of the 
process and several others aspects. The Tools drop-down menu (Figure 2.12.c) calls several im-
portant functions provided by ADbasic. Among them TGraph has been widely used, it makes real 
time graphs of the values gradually stored in the AdWinGold memory and allows to underline the 
graphs according to which input channel is being used. The graphs reported in figure 2.7 a, b. c and 
2.8 a, b, c have been made with this tool. TProcess (Figure 2.12.d) is another largely used function 
that allows to manage the processes currently loaded onto the AdWinGold, permitting to the user to 
start and stop them. 
The ADlog is another software provided by the ADwin company that allows to make a digital pro-
cessing, by filtering with digital filters already available among the functions within this software. 
Also it allows to follow, in real time, the signal from the PSD and unlike to the TGraph tool it is 
able to record all the data without stopping the running process. An image captured with ADlog 
was reported in figure 2.14 where the filtered and the not filtered Vtb are shown while a scan is run-
ning. 
The signal processing section also includes a low pass eighth order Butterworth filter (Figure.2.13). 
This filter was introduced primarily to remove the vibrational noise that affects the measure but  
also because the expected frequency -of the useful signal generated by the displacement of the tip is 
almost equal to that used to move the piezo, that is always less than 250 Hz . Therefore if the scan 
can be moved with a maximum frequency of 250 Hz, a filter that cuts all frequencies higher than 
250 Hz should be employed.  
 
  
a       b 
Construction of a Scanning Thermal Atomic Microscope 38 
Luca Santarelli 
  
c    d 
Figure 2.12 a, b, c ,d. These figures show clockwise the Build drop-down menu, Op-
tions, Tools and the whose tool TProcess.  
 
 
 
Figure 2.13. The eighth order low pass Butterworth filter realized to cut all frequencies 
higher than 30 Hz (-3dB). It’s possible to note that in order to obtain an eighth order 
have been employed four stages, each of them increase of two orders the filter.  
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Figure 2.14. ADlog window snapshot taken during a scan. The Vtb signal coming from 
the photodiode and not filtered is marked in red, instead the blue signal is the Vtb com-
ing out the Butterworth filter. It’s possible to see how it reduces all components bigger 
than 30 Hz. Focusing on the left column of the values is possible to see that the filtered 
signal is quite constant and pair at 2,2V. The red signal is a sinusoid whose mean value 
its exactly 2,2V as well and that’s the significant value, therefore it’s possible get rid of 
higher frequencies. 
Actually this filter cuts frequencies much more lower than 250 Hz. In fact it has been built in order 
to cut all frequencies higher than 30 Hz because, in order to do the first scan attempts has been de-
cided to move the piezo slowly and focus just on the output signal from the photodiode. Observing 
the signal spectrum through an oscilloscope it has been pointed out that a strong noise component 
was localized at 70Hz, thus it has been decided to build this filter that is a good solution for low 
frequency step scans. For instance, the use of a low frequency step scan could be required when the 
SThM has to write onto a polymer sample. Anyway this filter is just a temporarily solution, in the 
future it should be replaced by a filter with a cut frequency of 250 Hz. An exhaustive explanation 
of the filter design is supplied in the fourth chapter. 
2.2.3 Piezo Controller 
In order to obtain a measurement it is necessary to move the tip above the sample or equivalently 
the sample below the tip. All along this thesis the expression “to move the tip above the sample” is 
used several times, that apparently means that the sample is fixed and the tip is moving on it. Actu-
ally it is always the sample to be moved below the tip and the latter is fixed. Nevertheless the sys-
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tem is often explained as if it has fixed sample and moving tip just because it appears to be more 
intuitive to understand.  
Two items have been employed to move the sample, a nanopositioning piezo scanner PI 527.3CD 
and a Piezo Controller E.501.00. The latter is a combination of two devices, an E-509.C3A servo 
controller and a LVPZT amplifier. All these devices are PhysikiInstrumente (PI) company prod-
ucts. 
The nanopositioning has to hold the sample and move it below the tip; it has a range of movement 
equal to 200 µm x 200 µm x 20 µm, where the shorter range is the vertical displacement range. The 
controller i is aimed at moving the nanopositioning by sending a voltage ranging between -20 V 
and +120 V. This voltage is obtained by internal circuits that adapts an input voltage in this output 
control voltage. The input voltage is supplied by the AdWinGold that gives a voltage value be-
tween -2 V and +10 V. Actually the controller input range starts from -2 V and reaches +12 V, 
therefore the controller amplifies 100 times the signal from the AdWinGold, but unfortunately the 
latter is not able to give more than +10 V and this means that is not possible to exploit all the dis-
placement range. For this reason a prescaler could be employed, with the aim to adapt the output 
range of the AdWinGold to the input range of the nanopositioning. In this project no prescaler has  
been used but it needs to be considered for future improvements.  
The controller has three input channels, input1-input2-input3 that respectively move the piezo stage 
in a X-Y-Z direction. The X direction is frontal to the tip, the Y direction is lateral and the Z direc-
tion is vertical in respect to the tip and therefore the sample as well. 
The controller has three additional channels that monitor the status of the displacement of the stage 
along each direction. These channels display the voltage value that is being controlling the Piezo 
Controller. For each channel of the Piezo Controller a bias value of voltage could be present that it 
is added to the value of voltage from the DSP, thus a bias knob is present in each channel of the Pi-
ezo Controller that allows to the user to set this value of bias and in case to eliminate it. A picture 
of both the controller and the nanopositioning is displayed in the figure 2.15. For further details see 
the datasheets available in the notes [28]. 
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b 
Figure 2.15 a, b. The first picture shows the nanopositioning PI 527.3CD, whereas the 
figure b shows the controller PI E 501.00 where is possible to notice on the left the 
module servo controller E-509.C3A, beside it the LVPZT amplifier. The servo has three 
output channels that move the stage in XYZ directions; the amplifier has three input 
channels and each one of them a knob that could add a bias voltage value in case to the 
incoming signal. 
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2.2.4 Thermal control 
This part of the system deals with the control of the temperature of the tip, that have to be heated 
until 200°C and then maintained as long as the conversion of the PXT in PPV was completed. This 
item was developed with the additional purpose to generate thermal images of the sample as well. 
Therefore it is necessary to create a circuit with two functions: 
 to scan the sample letting the tip be heated up by the sample 
 to heat up the tip transferring thermal energy to the sample. 
This circuit has among its component the tip that is as matter of fact a positive temperature coeffi-
cient resistor. 
The Wollaston tip has a value of resistance equal to 2.1Ω at 25°C and a temperature coefficient α 
of 0.00165 K-1 . The principle of operation of the circuit that should control the heat during the 
conversion of the PXT to PPV is based on the following law that links the change of the tip tem-
perature T with the change of its resistance value R: 
2.7     ( ) =   	[1 + 	 	(	  −   )] 
where R0 is the tip resistance, equal to 2.1 Ω at temperature T0, equal to 25°C . 
If a Wheatstone bridge (Figure 2.16) is adopted and if the tip represents one of the bridge resistanc-
es, monitoring the value of the voltage that occurs between the terminals of the bridge it is possible 
to determine the value reached by the tip resistance and consequently, inverting the equation 2.6, 
the value of the temperature T. 
Thus a PID control checks the value of T and, if it is less than 200°C the PID control increases the 
current flowing in the bridge. Consequently the tip through a Joule effect is heated and its tempera-
ture increases as well. On the contrary, if T is greater than 200°C the PID control reduces the cur-
rent that flows in the bridge. This control is performed continuously until the writing process has 
ended. The core of this control is obtained by an ARDUINO UNO device (Figure 2.17), that is an 
open source electronic platform which has on board a microprocessor, several input-output chan-
nels and provides many functions to realize the control of the system. For instance through a Pulse-
Width-Modulation (PWM) control, ARDUINO provides to the bridge the current that is necessary 
to let flow into the tip in order to reach a certain temperature. 
As regards the modality in which the system draws a 2D thermal map of the sample, in this case 
there is no PID control, straightforwardly the tip flows above the sample and is heated by the latter. 
Now if the current, and consequently the voltage across the bridge, change is because the value of 
the resistance has been changed by the heat transfer from the sample, not more because of a Joule 
effect caused by the current supplied in the bridge by the ARDUINO. The system acquires data 
coming from the bridge and associates to each point a value of temperature. Then, similarly to a 
morphology scan, the results are elaborated through a software like Matlab or Gwyddion and an 
image is extracted.  
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An exhaustive description of the thermal control is done in the fifth chapter. A scheme of the cir-
cuit for the temperature control is displayed in figure 2.18  
The ARDUINO is in charge to execute the PID control of the parameters that express the current 
status of the system, therefore to tune the PWM control that changes the current supplied in the 
Wheatstone bridge in which one of the four resistance is the Wollaston tip. 
One of the main features of the ARDUINO that actually affects the entire system is related to its 
operative frequency, 16 MHz, that do not permit to make 2D quick scan. In fact if a PID control 
takes something like 10 clock beats per each control cycle and, similarly to the DSP, others internal 
operations have to be executed every time to convert each value coming-going in-from its input-
output channel, it is intuitive that probably this component could limit the maximum speed of the 
system more than the DSP. This aspect is discussed later. 
In addition, it is worth noting that the input current of the ARDUINO cannot overcome the value of 
40 mA or equivalently a voltage value of 20 V, whereas the designed Wheatstone circuit expects to 
employ really low resistance value and relatively high current value [29]. 
 
 
Figure 2.17. A picture of the electronic platform ARDUINO UNO, employed to realize 
a PID and PWM control into the thermal control system.  
Figure 2.16. A Wheatstone bridge in which R0, 
R1 and R2 are equal to each other, whereas Rx 
changes its resistance value according to the 
temperature change, therefore also the measure 
of the tension Vg changes according to this 
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 DEVICE  FEATURES 
 AdWinGold DSP 
www.adwin.de/us/produkte/gold.
html 
 Dynamic range of each channel ±10 V 
 Maximum operative frequency of AD/CD 
converter 200 kHz 
 Clock frequency 40 MHz 
 In1, In2, In3, In4 employed for Vtb, Vlr, 
Vsum, Vtb filtered 
 Out2, Out3, Out4 employed to control 
ChIn1, ChIn2,ChIn3 of the piezo controller 
 Out1 available as probe  
 Butterworth Filter 
Home made 
 fc cut frequency (-3 dB) 30 Hz 
 Supply required ±15 V  
 Piezo controller 
PI E501.00/ PI 527.3CD 
http://www.physikinstrumente.co
m  
 XYZ displacement range equal to 200 µm x 
200 µm x 20 µm 
 ChIn1, ChIn2, ChIn3 respectively XYZ ax-
es controller 
 X frontal, Y lateral, Z vertical direction re-
spect to the tip 
 Input range voltage from -2 V to +10 V 
 Bias Voltage Knob available 
 Maximum operative frequency 250 Hz  
 Thermal Control 
Home made 
 Writing mode: the temperature of the tip 
maintained at 200°C±10°C 
 Reading mode that executes a 2D thermal 
map of the sample  
 ARDUINO 
http://arduino.cc/en/Main/ardu
inoBoardUno 
 Clock frequency 16 MHz 
 Max input/output current 40mA 
 Max output voltage 5V 
 Supply Voltage required 5V 
 
Table 2.2.Description of features of the component chosen to develop the signal pro-
cessing, the piezo control and the thermal control of the system.  
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Figure 2.18. The thermal control circuit. In the bridge is inserted the tip, a variable re-
sistance that changes its value according to the temperature. If the system has to write 
onto the sample, the switch is opened and only the voltage value coming from the lower 
amplifier arrives to the ARDUINO that tunes the PWM control. The latter is filtered by 
a Butterworth fourth order low pass filter aimed at take the continue value of the current 
supplied by the PWM and therefore to regulate the base current of a npn bipolar power 
transistor. The transistor regulates, in turn, the current of the bridge. If the temperature 
of the tip has to be increased the value of the collector current is increased otherwise if 
it has to be decreased , the collector current is decreased too. If it is just in read modali-
ty, the switch is closed and an amplified signal is processed by the ARDUINO, that  
maintains constant the current pushed out by the PWM. 
2.3 Conclusion of the introduction of the system 
The descriptions, as said earlier, is aimed at introduce the key features of the system. Table 2.1 and 
2.2. could help to focus on these ones. Obviously the aspects that are necessary to keep in mind are 
so many that is quite easily to get lost and confused but at least in this chapter has been made an 
effort to collect and therefore provide all the data linked with the project, thus the reader, that hope-
fully could be a future keen developer, can find all the tips he needs.  
In the next chapters each part will be exhaustively faced and hopefully totally clarified. Obviously 
this project is an attempt and it does not pretend to be the final solution, an ending point, on the 
contrary if the reader at the end of all this thesis will feel able to make suggestions or he will be 
stimulated to improve some aspects, following the ideas gradually suggested, it would mean that 
who has written this thesis has reached its goal. 
Some pictures of the entire system were reported in Figures 2.19 a, b, c. The entire system, in 
which not only the AFM in itself is considered but all the devices necessary to it, are displayed in 
the figure 2.19 c. There are two voltage suppliers, one necessary for the Butterworth filter and the 
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other for the thermal control circuit; an oscilloscope to check the results of the filters performances 
; a waveform generator to test the filter, a pc to program the AdWinGold, a digital multimeter to 
check the status of the piezo and to measure the position of the laser in order to calibrate the sys-
tem, a soldering station; a temperature probe and a lock-in amplifier that actually is not used but it 
is necessary in future if a tapping mode has to be executed. The setup appears cumbersome at the 
moment, therefore the challenge to improve it has been launched. 
 
 
a 
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Figure 2.19 a, b, c, d, e. Picture a shows a frontal view of the SThM. Picture b shows an 
upper lateral view of the system and picture c shows  the whole workstation where the 
system has been developed. Picture d is a lateral view with the SThM opened to show 
how it can be  calibrated . Picture e is a lateral view during a scan.  
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3 Development of the Optics 
This chapter describes how we developed the optics of the system following the AFM scheme of 
Quate, Gerber and Binning AFM. The first part of the chapter reports a brief description of a SThM 
prototype that we analysed and from which we started the research. In chapter 2 we have already 
introduced the features of the items we employed to develop the optics of the system (§2.2.1), 
therefore in this chapter we focus on the description of the main characteristics of the developed 
optics.  
The final part of the chapter describes the problems affecting the optics we developed. We will see 
that these problems are at most due to the used tip that is the Wollaston Veeco tip 1600-10. 
3.1 Prototype description 
When we started this research work we firstly analysed a prototype built by other members of our 
research group few months before [9]. 
The optics scheme of the SThM that we have been inspired by is displayed in Figure 3.1, where a 
laser covers a distance d1, then it hits a mirror and it is reflected on the cantilever. The cantilever, 
in turn, reflects the laser on a second mirror. Hence, the second mirror provokes the third reflection 
of the laser. After its third reflection the laser is beamed on the PSD. When the laser is reflected for 
the third time it covers a distance d2 that is equal to d1. d1 and d2 are 25 cm long, instead d3 and 
d4, that are the distances covered by the laser after its first and its second reflection are both 20 cm 
long.  
The total path covered by the laser can be called optical path. The optical path of this prototype is 
characterized by three reflections which are due to the mirror called specchio-punta that is located 
onto the cantilever of the Wollaston tip, and to the two mirrors, specchio1 and specchio2, arranged 
along the path. In Figure 3.2 a 3D view of the optical path is reported. 
Ideally each time that we change the tip this system should guarantee that the laser succeed to 
strike the PSD without the need to calibrate the positions of the two mirrors “specchio1” and 
“specchio2”. Because of problems due to the tip, that will be described in section 3.3, this condition 
cannot be achieved. Therefore we found this prototype difficult to utilize because each time that the 
tip was changed the positions of “specchio1” and “specchio2” need a calibration. 
The calibration of specchio1 and specchio2 position is difficult because it is difficult to handle a 
system with three reflection and achieve that the laser strikes the PSD. 
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Figure 3.1. This figure displays the path that the laser covers in the prototype we have 
been inspired by [9]. This scheme has three reflections, one due to the tip (specchio-
punta) and the other two due to two mirrors (specchio1 and specchio2) inserted in the 
path.  
 
 
Figure 3.2. A 3D view of the optical path covered by the laser in the prototype we ana-
lysed. 
Even if we succeeded to calibrate the system obtaining the laser properly strikes the PSD, the mod-
ulus of the signals produced by the PSD was often less than 1V. This problem is due to the loss of 
power of the laser beam because of the presence of many obstacles, such as holders or posts, along 
the path that depending on the calibration could be partially hit by the beam. 
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Because of the distance covered by the laser, we found out that the prototype we have been inspired 
by was deeply affected by vibrational noise. We encountered the same problem in the develop-
ments of our system as we will discuss it in chapter 4. 
Despite the problems affecting this prototype, we found out that reducing the values of d1,d2,d3,d4 
and changing the model of the tip the system can be improved. In fact, many commercial AFMs 
have been developed exploiting the same optics, but in most of the cases the length of the distance 
covered by the beam is much shorter and the tip used has a flat reflective cantilever, unlike the 
Wollaston tip. 
Even if we identified how to improve that prototype we decided to build a new system. There are 
two main reasons that led us to develop a new system: first, the prototype is too uncomfortable to 
handle; second, we never succeeded in obtaining a signals depth (the value of Vsum, §2.2.2) greater 
than 1 V. 
For these reasons we decided to develop a new system with a different optics. We also decided to 
continue using the Wollaston tip in the developed SThM. 
3.2 Description of the optics 
In developing the new system we followed the scheme adopted by Quate, Gerber and Binning in 
their AFM (Figure 3.3). This scheme is characterized by a shorter optical path with only one reflec-
tion that is due to the cantilever of the tip. The laser, the tip probe and the PSD are arranged as dis-
played in Figure 3.3. The scanner is positioned below the sample. The PSD is, in turn, plugged to 
the DSP that controls the system. In addition we decided to measure the vertical movements of the 
tip associating them to the signal Vtb. 
 
Figure 3.3. The scheme of the first AFM. We built the optics following this scheme. 
(Image taken from Wikipedia)  
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The optics of our system follows the scheme in Figure 3.3 with the exception of the positions of the 
laser and the PSD that are swapped. The model in Figure 3.4 [30] better displays how we set the 
position of the optics item. According to this model we set the angle φ equal to 180°, thus we ob-
tained to associate the vertical displacements of the tip to the Vtb signal and the lateral displace-
ments of the tip to the Vlr signal. 
Figure 3.5 shows how the laser is beamed up the tip from the rear of the tip holder. Once the laser 
hits the tip, it is reflected and hence strikes the PSD. The yellow dotted line in Figure 3.6 highlights 
how we obtained the alignment of the three items setting the angle φ at 180°. 
Concerning to the other magnitudes mentioned in Figure 3.4, the angle θ is between 40° and 45°, 
the angle ξ is between 60° and 55°, D is between 4 and 5 cm, L is between 10 and 15 cm, CL is 0.5 
cm. The value of the angle of the reflection α, highlighted in Figure 3.5, is between 110° and 100°. 
 
Figure 3.4 A schematic description of the disposition of the laser, the cantilever and the 
PSD in an AFM [30]. 
The variation of θ, α, ξ, D and L depends on the calibration of the system. Each time the tip is 
changed the values of θ, α, ξ, D and L have to be set in order to achieve the maximum value of the 
signal Vsum. These values can be set by optical manipulators, posts and a goniometer. Figure 3.7 
displays the manipulators that permit to set the values of D and θ. Figure 3.8.a shows the goniome-
ter that permits to set the value of the angle ξ.  
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Figure 3.5. Picture of the optics in which the path covered by the laser beam is high-
lighted in red. 
 
Figure 3.6. Picture of the optics. The yellow dotted line highlights how we achieved to 
maintain the laser, the tip and the PSD aligned as the model in Figure 3.4 align them if 
the angle φ is set at 180°. This scheme permits to obtain the signal Vtb uniquely related 
to the vertical movements of the tip and the signal Vlr uniquely related to the lateral 
movements. 
 
α 
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Figure 3.7. A back view of the system. The manipulators a and b allow setting the posi-
tion of the laser holder, whereas manipulators c and d allow setting the angle of the 
beam θ and the position of the tip holder; a, b, d are also used to set the value of D. 
  
a      b 
Figure 3.8. (a) The goniometer used to set the value of the angle ξ. (b) The holder of the 
PSD. The manipulators a and b set the position of the detector and permit centring the 
beam onto the spot. 
e 
a 
c 
b 
d 
α 
b 
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Figure 3.9. Picture of the entire system. It is possible to highlight the manipulators a 
that sets the value of L, the manipulator b that is a motor that sets the vertical position 
of the PSD, the goniometer c that sets the value of ξ, the board d on which all the sys-
tem components have been fixed. 
The relation between the value of the goniometer and the angle ξ is given by: 
3.1       = 90°−   
where ρ is the value of the angle that is set by the goniometer, that in general is between 30° and 
35°. Figure 3.8.b shows the holder of the PSD. The manipulators of this holder permit centring the 
beam onto the spot to calibrate the system before the scan. 
Figure 3.9 displays the entire system. In this picture it is possible to see the manipulators used to set 
the value of L and it is also possible to notice that we introduced a motor manipulator. This motor 
sets the vertical position of the PSD when the system needs to be calibrated. 
The value of α is set consequently to the values assumed by angles ξ and θ after the calibration. The 
value of α is also depending on the angle between the laser beam and the surface of the spot of the 
PSD. The beam strikes the surface of the PSD with an angle that is between 90° and 120°. There-
fore the beam is not exactly perpendicular to the surface of the PSD. 
The tip is soldered onto a metal plate, as displayed in Figure 3.10.a. This plate has two functions, to 
plug the tip to electric wires (Figure 3.12) and to permit to insert the tip into a magnetic cavity in 
order to be brought by the tip holder.  
a 
b 
c 
d 
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a     b  
 
  
c    d 
Figure 3.10. (a) The holder of the tip before it has been brushed. (b) The tip that is sol-
dered to a metal plate. (c) The holder of the tip that has a magnetic cavity that houses 
the plate of the tip. (d) A picture of the tip holder after we brushed it.  
Figure 3.10.c shows the bottom part of the holder of the tip where it is possible to see four silvered 
spots. These spots are magnets and when the holder is inserted into its manipulator, as displayed in 
Figure 3.10.a, these magnets keep the holder attached to the rest of the AFM. In particular the 
magnetic holder is magnetically attached to manipulator d of the Figure 3.7. Figure 3.10.c shows 
how the tip plate is attached to the holder. The plate is inserted in a magnetic cavity of the holder. 
Therefore the tip is maintained magnetically attached to the entire system through these magnetic 
elements.  
Looking at Figure 3.10.a and b it is possible to notice that we brushed the holder of the tip. We de-
cided to brush the holder because the previous shape of the holder did not permit to obtain a good 
reflection of the laser. Comparing Figure 3.10.d and Figure 3.11 it is possible to see that unlike the 
brushed holder, the laser strikes the not brushed one thus reducing the portion of the beam that hits 
the cantilever.  
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Figure 3.11. A picture of the tip holder and the manipulator that regulates its position. It 
is possible to see that a part of the beam hits directly the holder before reaching the tip, 
that is in the lower part. This causes a loss of power of the reflected beam. 
 
 
Figure 3.12. A picture of the used thermal probes. It is possible to notice that electric 
wires are soldered on the bottom of the plates that bring the tip. 
All the components of the system have been fixed on the same board (Figure 3.9 element d) in or-
der to make the vibrations that affects the system a common disturb to all components. 
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As it will be explained later, the shape of the metallic plate that brings the tip and of the cavity of 
the holder housing the plate do not fit perfectly. This causes some calibration problems. Other cali-
bration problems are due to the tip. In section 3.3 we will describe in detail these aspects linked to 
the calibration problems. 
3.2.1 Optical lever 
The optical lever is a device aimed at measuring small angular displacements of a rotating body 
(the cantilever) in which a laser beam is directed onto a small mirror attached to the body and the 
reflected beam is directed onto a detector. The position of the spot of the reflected beam is meas-
ured and therefore it is possible to extract the values of the displacements of the rotating body [31]. 
AFMs use an optical lever technique to amplify the motion of the cantilever and tip as they are ras-
ter-scanned across a surface. Light from a laser reflects off the end of the cantilever and strikes a 
detector. This light moves on the detector as the cantilever moves over the surface of the sample. 
The result is great magnification of the tip motion. 
The lever of the system we developed can be described with the following formula: 
3.2     ∆  = 2
 	∆ 
  
	 
where L is the distance between the cantilever and the PSD that is between 10 and 15 cm long. CL 
is the length of the cantilever and it is equal to 0.5 cm. Δh is the value of the vertical displacement 
of the cantilever, and ΔS is the displacement of the beam onto the spot of the PSD. According to 
this formula, if L is equal to 10 cm, a tip displacement Δh≈ 50 nm corresponds to a laser displace-
ment ΔS≈ a 2 µm. This means that the optical lever amplifies ≈40 times the value of Δh.  
The resolution of the system is linked with the amplification A of the lever. We can write the for-
mula: 
3.3       =
 	 
  
 
In order to increase the value of the amplification A of the lever it is possible to increase the value 
of L, although increasing L the system becomes less robust to the vibrations. The laser is sensitive 
to the vibrations of the environment that houses the entire system. As rule of thumb the path that 
the laser covers cannot be too long because more the path that the beam covers increases more the 
laser feels the vibrations. Another thing we can make in order to increase A is to change the tip and 
use tips with a shorter cantilever. However if the tip is changed and a shorter cantilever is adopted, 
more shorter the cantilever is more it is difficult to be reached and hit properly by the laser. In order 
to change the tip the holder should be changed and the cantilever should be positioned in a manner 
that it is exposed completely to the beam. In fact in the system we developed, the size of the canti-
lever we adopted permits the laser to reach the cantilever, in other words the system is customized 
for the tip we used. Another tip inserted in the same holder could be remain hidden below the hold-
er. 
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In Figure 3.13 is highlighted the effect of the lever. According to the equation 3.3 the expected val-
ue of the lever  amplification is between 40 and 60. 
 
Figure 3.13. The effect of the optical lever. The vertical displacement of the tip Δh is 
magnified and it is seen by the PSD as a ΔS long displacement .  
3.2.2 Analysis of different lasers 
As already explained in §2.2.2, once we obtained the optics we tested three different lasers: 
 a red laser with a wavelength of 670 nm, and an incident power of 5 mW; 
 a red laser with a wavelength of 670 nm and an incident power of 2 mW; 
 a green laser with an incident power of 5 mW. 
Each laser was tested into two different conditions: 
 Laser positioned 20 cm far from the PSD and directly beamed onto the PSD spot; 
 Laser inserted in the optics and beamed onto the PSD after one reflection.  
In both cases we registered the values assumed by Vtb, Vlr and Vsum  in the following conditions: 
 beam of the laser in the centre of the detector and maintained motionless; 
 moving the laser onto the PSD spot from the right to the left; 
 moving the laser onto the PSD spot from the top to the bottom. 
We made these experiments sampling the signals with a frequency of 8 Hz. Figure 3.15 and Figure 
3.16 show the results of these experiments: the red signal is Vtb, the blue signal is Vlr, the black sig-
nal is Vsum.  
During these experiments we observed that the red laser with an incident power of 5 mW showed 
the highest performances in terms of depth of the signals produce by the PSD. Figure 3.15 reports 
Δh 
ΔS 
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the results of the top bottom scan with the three lasers. The red laser with the lowest incident power 
produces signals that have a depth lower than 10 V, instead the other two lasers produce signals 
with a depth of 10 V. Henceforth we tested mounting them in the system only the two lasers that 
succeeded to reach the maximum depth for the signals when beamed directly onto the spot of the 
PSD. Figure 3.16 compares the results of the right-to-left scan by the green and the red lasers, both 
inserted in the system. The red laser showed an higher performances in terms of signal depth, there-
fore we chose to use it.  
 
  
a     b 
Figure 3.14. (a)Test of the green laser. (b) Test of the red laser with incident power of 5 
mW  
 
a    b    c 
Figure 3.15. Comparison of the results of the top-to-bottom scan did by three different 
lasers beamed directly onto the spot. (a) The red laser with 670 nm wavelength and in-
cident power of 5 mW. (b) The red laser with incident power of 2mW. (c) The green la-
ser with incident power of 5 mW. 
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Figure 3.16. Comparison of the results of the right-to-left scan did by a green laser and 
a red laser with an incident power of 5 mW after they have been reflected on the canti-
lever. The red one, that is on the right side, shows an higher performance in terms of the 
depth of the produced signal. 
3.3 Problems due to the tip and the holder 
The tip and the holder of the tip are affected by the following problems: 
i. the position of the mirror glued on the cantilever can result slightly different from a tip to 
another; 
ii. the cavity in which the plate of the tip shall be inserted and the plate do not match perfect-
ly; 
iii. the cantilever can result slightly longer or shorter from a tip to another; 
iv. the branches that form the cantilever can result bended on a side, therefore the cantilever is 
not more parallel to the surface of the sample; 
Problems i and iv cause the loss of alignment of the items of the optics. This means that the vertical 
displacement of the tip is no longer projected vertically onto the spot but it is projected diagonally. 
Problems ii and iii entail that the mirror on the back of the cantilever is hidden and cannot be 
reached by the laser beam.  
Because of these problems it is not possible to set a calibration that is the same for each tip inserted 
into the system.  
Furthermore, a shorter cantilever would give a higher value of the lever amplification. For instance, 
if the value of the factor CL of the equation 3.3 is equal to 0.1 instead 0.5 cm, A would be equal to 
200 instead of 40. However to change the tip requires to change the holder of the tip because the 
one we inserted in the system is customized for the Wollaston tip. 
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4 Signal processing  
This chapter focuses on the analysis and characterization of the noise that affects the system, the 
determination of the resolution of the system and the project of a Butterworth low pass eighth order 
filter that was used to reduce the noise. 
The first part of the chapter describes the characterization of the noise through the results obtained 
from measurements performed in different conditions. Some results obtained doing scans of a 30 
nm step, positioned below the tip of the system are reported. It is then described how we managed 
to control the system through the AdWinGold and how we obtained a useful method that permits to 
extract the resolution of the system. It is not possible to find a resolution of the system that is the 
same for each performed scan. The resolution changes its value according to the used tip and the 
required calibration. Nevertheless a correlation between the noise that affects the system, the opti-
cal leverage and the resolution was found. The last part refers to the description of the project of 
the filter we used to reduce the noise that affects the system.  
I thanks a lot the student Simone Fontanesi who helped me in this part of the thesis. 
4.1 Definition of the dynamic range of the system 
As previously stated (§2.2.2), the signal processing is in charge to collect and filter the signals from 
the PSD and to extract useful information. The information is then stored in a file that a Gwyddion 
or a Matlab environment interprets and transforms in coloured pixels by associating a different col-
our to each voltage value. In order to control the scan and extract data from the obtained voltage 
value it is necessary to evaluate the sensitivity, the resolution and the dynamic range of the system.  
The dynamic range of a system is the ratio between the highest value that the system can provide in 
output and the minimum resolution of the system. In other words it is the ratio between the largest 
and smallest possible values of a changeable quantity measured by the system. Therefore it is pos-
sible to calculate the dynamic range using the formula: 
4.1            	      =
| |
  
   
where |V| is the modulus of the maximum value reached by the changeable quantity V associated 
with the measure that the system does, and Rv is the voltage value associated with the resolution of 
the system. According to our system the changeable quantity V is the signal Vsum that represents the 
depth of the signals Vtb and Vlr. We know that Vsum is equal to 10 V (§Table 2.2) but we do not 
know yet the resolution of the system R nor its equivalent voltage value Rv. 
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The resolution of a system is defined as the smallest change it can detect in the quantity that it is 
measuring. It corresponds to the ratio between the measure of the peak of the noise in input and the 
sensitivity of the system:  
4.2       = | |/| | 
where |N| is the noise peak and the S is the sensitivity of the system. According to the parameters 
we are using to determine the resolution, it will be expressed in micrometres. Instead to obtain Rv it 
is necessary to use a mathematical proportion that associates the smallest detectable displacement 
in micrometres to a value of voltage. This proportion is linked to the length of the active area of the 
photodiode and the modulus of the signal produced by the photodiode. If we assume, as we did 
previously with the equation 4.1, that the modulus of the signal is the value assumed by Vsum, we 
can obtain the relationship between R and Rv: 
4.3       = |    |
 
   	  
= |    |
|  |
   	  	| |
	 
The sensitivity of a system is defined as the minimum input of physical parameter that will create a 
detectable output change. We obtained the value of the sensitivity comparing the results of a meas-
urement we took with the data issued by OSI-optoelectronics in the datasheet of the photodiode. 
The minimum detectable displacement of the laser onto the spot that the photodiode can detect is 
equal to 106.22 nm. We measured that the signal Vtb changes its modulus of a quantity equal to 
3.38 mV when the laser covers a distance of 0.7436 µm onto the spot, therefore we deduced that 
the sensitivity is 466.363 µV/102.6 nm. This means that the photodiode can detect displacements of 
the laser beam onto its spot equal or multiples of 102.6 nm that correspond to voltage values equal 
or multiples of 466.363 µV.  
Once the sensitivity is known we can arrange the equations 4.1, 4.2 and 4.3 in order to obtain the 
dependency of the dynamic range uniquely on the value of the noise peak: 
4.4           	      = | |
   	  
|  |
= 	
   .   
|  |
	10   
To obtain a good quality for the scan it is necessary to obtain the highest possible dynamic range  
for the signals involved in the scan. Looking at the 4.4   
        	      = | |
   	  
|  |
= 	
   .   
|  |
	10   we can observe how the dynamic range is 
inversely dependent on the peak noise. Henceforth it is necessary to obtain the lowest possible val-
ue  for the peak noise. Once estimated, the noise can be reduced with a filter.  
We investigated the noise in order to state the resolution of the system and its dynamic range. Once 
we obtained useful information about the noise affecting the system we decided to build a filter to 
reduce the noise. 
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4.1.1 Treatment of experimental data 
In order to obtain a reliable estimate of the noise several measurements of the signals Vtb, Vlr and 
Vsum in different conditions were recorded. The noise due to the thermal effects, the dark current 
and the room lighting was analysed. We will refer to this noise as the background noise.  
Afterwards the signals caused by the vibrations affecting the table on which the entire system is lo-
cated were measured. Eventually we measured all the signals acquired during a scan of a sample 
shaped as a step of 30 nm.  
The report of my results is organized in two parts. The results relating to the investigation of the 
noise are reported in the section 4.2, instead the results obtained from the scans of a step of 30 nm 
are described in the section 4.3. 
Concerning the noise investigation, the signals from the DSP were measured in three different con-
ditions: 
a) Room lighting off, laser off 
b) Room lighting on, laser off 
c) Room lighting on, laser on, no movements of the tip 
For each condition we collected 10,000 samples. using a sampling frequency of 1 kHz. Then we 
tried to characterize the noise that affects the system assuming that Vtb, Vlr and Vsum are continuous 
stochastic variables, therefore we calculated the mean value, the standard deviation and the vari-
ance of the signals Vtb, Vlr and Vsum in each situation (a, b ,c). 
The mean value has to be intended as the arithmetic mean of a given property of a finite population 
of samples [32]. The standard deviation gives a measure of the dispersion of the values assumed by 
the variable of interest compared with the expected value or the mean value [33]. A low standard 
deviation indicates that the variable tends to be very close to its mean value; on the contrary a high 
standard deviation indicates that the variable tends to spread out over a large range of values. For 
instance when we analysed the vibrational noise, we saw that the distribution of the values of Vtb 
was wider than the distribution of Vlr and Vsum. 
In order to understand which kind of calculus we did, if xi is a variable that can assume all the val-
ues i within a population of n values (the samples we registered during our analysis) the mean val-
ue, the standard deviation and the variance are given by the following equations: 
4.5       =	
 
 
∑   
 
      
4.6       =  
∑ (    )
  
   
 
 
4.7        =
∑ (    )
  
   
 
 
where M is the mean value, n is the number of registered samples, σ is the standard deviation and σ2 
is the variance of the stochastic variable xi that is continuous inasmuch it can assume potentially all 
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the analogic values within a certain range. The variable xi is stochastic as well because it is not pre-
dictable which analog value is going to be assumed by it. During the experiments we observed that 
Vtb, Vlr and Vsum are always within a certain range of values. Therefore we assumed that Vtb, Vlr 
and Vsum analysed during the noise investigation can be considered as continuous stochastic varia-
bles. 
We also hypothesized that the xi can assume all the analogic values in a certain range even if it is 
not completely true inasmuch Vtb, Vlr and Vsum are quantized because of the analog-digital convert-
er of the DSP. In fact these signals are always equal to a multiple of the quantity 305.18 µV that is 
the lowest value the DSP can give in output. The DSP multiplies the quantity 305.18 µV for 0 to 
32,767 to express a value of voltage between -10 V and 0 V, instead it multiplies the quantity 
305.18 µV for 32,767 to 65535 to express a voltage value between 0 V and 10 V. Nevertheless we 
decided to consider the three signals generated by the DSP as analogue signals that can assume po-
tentially all the voltage values between -10 V and +10 V. 
The obtained measurements were put in an excel sheet, hence we calculated the mean value, the 
standard deviation and the variance of the signals Vtb, Vlr, Vsum in the three different conditions. 
Once we obtained these values, we managed to calculate a Probability Density Function (PDF) and 
a Cumulative Distribution Function (CDF) for each observed condition  using a Matlab tool called 
dfittool [34].This tool calculates the two mentioned distributions straightforwardly by entering the 
samples of the observed variables. The dfittool, in turn, uses the formulas: 
4.8      ( ) = 	∑   
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where E(x) is the expected value of the variable x; p(xi) is the probability associated to the sample 
xi of the population of the values registered for x; px(x) is the PDF of the variable x and P(x) is the 
CDF.  
The user does not have to insert any formulas nor to program anything when he uses dfittool, it is 
only required to enter  the population of the values that the stochastic variable x assumes during its 
sampling. 
The analysis we did is based on the determination of the worst case in which the system can be 
used. Thus we took each time the highest value of the recorded noise as representative of that noise 
we were investigating. In fact, as the cumulative distributions show, the highest value recorded 
among a population of samples is also the value within whom the probability to find one of the reg-
istered samples is equal to 99.9%. Therefore we assumed that in the worst case the noise can be 
equal to the highest value found. The highest value found can be even defined as the peak noise 
and it is also the quantity to be inserted into the equation 4.4. 
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Thus far we referred to the values registered in the time domain, but in order to act on the causes of 
the noise we wrote a Matlab script that allows to transform values from time domain to frequency 
domain (Figure 4.1). This program exploits the Matlab function fft, that is the fast Fourier trans-
form of the value x. Therefore we succeeded to obtain statistical information and a frequency char-
acterization of the analysed signals. As it will be described in section 4.3, the results obtained from 
the analysis of the spectrum of the signal Vtb suggested us to design a Butterworth eighth order fil-
ter. 
 
 
Figure 4.1 The Matlab script that allows to obtain the frequency spectrum of the signals 
Vtb, Vlr and Vsum. Once obtained the samples of these signals, the user has to load them 
in a vector called FreqSamples, hence the script extracts the spectrum 
Finally, the signal-noise ratio of the PSD refers to voltage values whereas the value of the noise 
that affects the PSD is often reported in mA or nA. To extract the equivalent voltage value from the 
value of the current flowing in the PSD, it is important to use the equation 2.6  
      = − (   +    +    +   )10
  =   +   +   +   (§2.2.1). This equation converts a 
current value in a voltage value by multiplying the current for 10^4. This value represents the 
equivalent resistance due to the amplifiers within the PSD, therefore the current that flows in each 
slice of the spot is converted in an equivalent voltage value. If the current is measured with the la-
ser turned off, the value of Vsum has to be divided by four, inasmuch the equation 2.6 is the sum of 
the four currents flowing in each of the four spots. If the laser is turned off it is reasonable to as-
sume that the current flowing in each spot is almost the same. Therefore to extract the voltage value 
from the current, when the laser is turned off it is possible to use the following equation: 
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4.11           = 	
 
 
    10
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Instead the value of Vsum when the laser is turned on is the sum of the four currents that are differ-
ent from each other depending on the position of the laser onto the spot, thus it is not possible to 
divide straightforwardly by four and it must make case by case. Anyhow it is possible to extract the 
current value, when the laser is turned on using the formula:  
4.12           = 	    10^4 
4.2 Investigation about the noise of the system 
To estimate the noise that affects the system we first identified the possible sources of the noise and 
then we tried to measure the amount (extent, contribution) of each noise component. 
The causes that could provoke the noise are mainly: 
i. Thermal excitation due to the room temperature and laser excitation 
ii. Dark Current  
iii. Room lighting  
iv. Vibrations 
We tried to quantify the noise due to i and ii making measurements with the laser and the room 
lighting turned off. Therefore we supposed that the values of Vtb, Vlr and Vsum observed in these 
conditions are mostly due to these two causes, then following the indications reported on the OSI-
optoelectronics technical sheets, we tried to give a value to both these factors. 
To estimate the noise associated with the room lighting we performed the measurements with the 
room lighting turned on and we analysed the differences occurring compared with the cases i and ii 
and thus we deduced the value of this noise component. 
We collected the values obtained in these three aspects and we decided to call them as background 
noise. The fourth component is the noise due to the vibrations that affect the environments in which 
the SThM is located. Once we obtained the information dealing with this fourth type of noise we 
succeed to develop a filter aimed at filtering the noise.  
The following subsections explain the reasoning we did and report the quantification we obtained. 
4.2.1 Dark current and thermal excitation 
As previously said, part of noise is expected owing to thermal excitation of the electrons within the 
device. The thermal excitation is due in part to the room temperature and in part is induced by the 
laser used depending on its wavelength. 
The thermal effect due to the room temperature is difficult to recognize because of the presence of 
the dark current, in fact they are comparable and therefore difficult to distinguish. Anyway it is not 
important to quantify exactly their individual contributions, just it is sufficient to understand the 
order of magnitude of the amount of noise due to these two effects. 
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The dark current occurs regardless of the presence of the light or any other incident particles onto 
the spot. Its value is really low and its behaviour is not completely predictable. Physically the dark 
current is due to the random generation of electrons and holes within the depletion region of the 
device that are then swept by the high electric field [35].According to the OSI-optoelectronics 
datasheets, the expected value of the dark current is between 15 nA and 30 nA, that following the 
4.11           = 	
 
 
    10
  corresponds to a range of voltage val-
ues between 37.5 µV and 75 µV. We took for granted this value and we avoid to investigate longer 
on that. 
Afterwards we started to make measurements with the laser and the room lighting turned off ob-
taining the following results: 
 Vtb:   mean value of 397 µV 
maximum value of 1.044 mV and minimum of 170.9 µV 
standard deviation of 156.658 µV and variance of 2.454*10-8 
 Vlr:   mean value of 430.34µV 
maximum value of 1.031 mV and minimum of 170.898 µV 
standard deviation of 150.956 µV and variance of 2.287*10-8 
 Vsum:   mean value of 492.199 µV 
maximum value of 0.946 mV and minimum of -48.821 µV 
standard deviation of 112.665 µV and variance of 1.269*10-8 
These values show that the system is more affected by the temperature noise rather than by the dark 
current. In fact if we consider the maximum values of Vtb, Vlr and Vsum, or rather 1.044 mV, 1.031 
mV and 0.946 mV and assume that the noise due to the dark current is equal to the maximum pos-
sible value (75 µV), instead the remaining part of these values, or rather respectively 0.969 mV, 
0.956 mV and 0.871 mV owe with the temperature. So the temperature affects the system 12 times 
more than the dark current in average. Anyhow we assumed since this moment that the noise due to 
the dark current and the temperature weighs for 1.044 mV on the value of the measure taken in the 
worst case. 
The picture Figure 4.2 shows the values assumed by Vtb, Vlr and Vsum when the laser and the room 
lighting are turned off . It is possible to observe that all the values are less than 1.044 mV but most 
of them are even less than 0.8 mV. 
The pictures Figure 4.3,Figure 4.4 and Figure 4.5 instead display the results of the probability den-
sity function and the cumulative distribution function elaborated by Matlab tool dfittool, in particu-
lar Figure 4.3 a and b refer to Vtb, Figure 4.4 a and b to Vlr and Figure 4.5 a and b to Vsum. 
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Figure 4.2. The values assumed by Vtb in pink, Vlr in fuchsia, and Vsum in blue measured 
with laser turned off and room lighting off. Each signal has 10,000 samples that have 
been registered with a sampling frequency of 1 kHz.  
 
Figure 4.3.a     Figure 4.3.b 
 
Figure 4.4.a     Figure 4.4.b 
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Figure 4.5.a     Figure 4.5.b 
Figure 4.3 a, b; Figure 4.4 a, b and Figure 4.5 a, b all show respectively in the a part a 
probability density function and in the b part a cumulative distribution function. Figure 
4.3 refers to Vtb, Figure 4.4 to Vlr and Figure 4.5 to Vsum. The elaboration of these dis-
tribution has been made through the Matlab tool dfittool and for each signal  10,000 
samples have been taken at 1 kHz 
The effects due to the thermal excitation increase as the temperature increases, but it is not only a 
matter of external temperature. In fact depending on which laser is used, the excitation of electrons 
changes as well. A laser whose wavelength has a higher responsivity generates a higher value of 
the current in the photodiode. Although this is a positive effect it causes a higher heating of the de-
vice as well inasmuch a higher value of current means an higher quantity of electrons that start to 
move and hit each other. It is possible to quantify the contribute due to the thermal increase using 
the datasheets of the employed photodiode (Figure 2.5.f, § 2.2.1) that show how a laser of 670 nm 
of wavelength has a temperature coefficient equal to 0.1%/°C. This means that if the room tem-
perature is 23°C and it increases of 1°C, the current registered in that moment grows by 0.1%. This 
increase can be considered due to the thermal excitation, that in part is induced by the laser. To 
quantify this growth it is necessary to imagine that the PSD is in the situation in which is complete-
ly excited and the modulus of the output signal Vsum is equal to 10 V. Considering now the equation 
4.12, the current required to generate that value of Vsum has to be at least equal to 1 mA. This value 
is the value of Isum that is, in turn, the sum of the current flowing into each one of the four spots of 
the PSD. The value of the current flowing into each spot changes dependently on the position of the 
laser onto the spot. Assuming that the laser is only onto one of the four spots, it is conceivable to 
expect that Isum is entirely due to the current flowing in that spot whereas the other three spots have 
a value of the current flowing in them null. This permits to focus just on one of the members of the 
equation, hence the current due only to the thermal effect induced by the laser is equal to the 0.1% 
of 1 mA, or rather equal to 1 µA, that inserted in the equation 4.12 gives a value of voltage of 0.01 
V. This means that the growth of the current due to thermal effects induced by the laser are much 
higher than the one measured with the laser off, due at most to the room temperature. If the current 
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due to the room temperature produces a voltage value of approximately 1 mV, with the laser this 
factor is multiplied by 10. 
4.2.2 Room lighting on 
Another component of the noise that affects the system is due to the room lighting. In order to un-
derstand how much this factor affects the system we took measures with laser off and the room 
lighting on. We did, as earlier explained (§4.1.1), a measurement at 1 kHz of the Vtb, Vlr and Vsum 
signals and from these registered values we calculated the mean value, the standard deviation and 
the variance of the signals. 
The results we obtained are: 
 Vtb:   mean value of 849 µV 
maximum value of 1.566 mV and minimum of 42.724 µV 
standard deviation of 169.53 µV and variance of 2.874*10-8 
 Vlr:   mean value of -648.655µV 
maximum value of -48.828 µV and minimum of -1.22 V 
standard deviation of 162.72 µV and variance of 2.647*10-8 
 Vsum:   mean value of 12.79 mV 
maximum value of 12.8 mV and minimum of 11.74 mV 
standard deviation of 141.9 µV and variance of 2.013*10-8 
The room lighting affects the system much more than the dark current and the thermal effect due to 
the room temperature. Considering the statistics of the signal Vsum, we can observe that its mean 
value, 12.79 mV, is more than 10 times higher than the maximum value registered when the room 
lighting was turned off (1.044 mV). Considering that the values measured in that case are affected 
both by the dark current and the thermal effects and that in the worst case the signals Vtb, Vlr and 
Vsum are respectively equal to 1.566 mV, -50 µV and 12.8 mV, if the maximum values of Vtb, Vlr 
and Vsum obtained with both laser and room lighting off are subtracted from these values, it is pos-
sible to state that the contribution of the room lighting to these signals is respectively 0.512 mV, -
1.036 mV and 11.854 mV. 
The following figures show the data obtained analysing the system in this condition. The distribu-
tion of the values of the samples in the time domain is reported in figureFigure 4.6 while the prob-
ability density function and the cumulative distribution function made with dfittool are reported in 
figure Figure 4.7 a and b, Figure 4.8 a and b and Figure 4.9 a and b respectively. 
If a comparison is made between this case and the previous one, it is possible to observe that the 
values assumed by the three signals are increased, due to the higher excitation that electrons in the 
PSD receive from the room lighting. Another difference is that the three signals start to be more 
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distinct, the Vsum is almost between 13 mV and 10 mV, whereas Vlr and Vtb are closer to each other 
and their values are always lower than 2 mV and Vlr assumes even negative values. 
 
 
Figure 4.6. Values assumed by samples taken during an analysis made with laser off 
and room lighting on. The sampling frequency is 1 kHz and the number of samples is 
10,000. The values assumed by Vsum are between 13mV and 10 mV, instead the Vlr and 
Vtb are much closer each other and their value are always lower than 2 mV for Vtb and 
at most lower than 0 V for Vlr. Other values of Vsum are present even in the lower band 
of values, close to Vtb and Vlr. 
 
 
Figure 4.7 a      Figure 4.7 b 
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Figure 4.8 a      Figure 4.8 b 
 
Figure 4.9 a      Figure 4.9 b 
Figure 4.7 a, b; Figure 4.8 a, b and Figure 4.9 a, b are respectively the proportional dis-
tribution function and the cumulative distribution function of the three signals Vtb, Vlr 
and Vsum extracted from 10,000 samples per each one of them taken at 1 kHz. 
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Figure 4.10 a 
 
    Figure 4.10 b 
Figure 4.10 a, b. These figures show the shift that exists between the three signals Vtb, 
Vlr and Vsum analysed with laser off and room lighting on. This shift is due to the pho-
tons that hit the spot of the PSD and start to stimulate it to produce a significant current. 
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Figure 4.11. This figure shows the frequency spectrum of Vtb. The noise due to the 
thermal effects, the dark current and the room lighting does not introduce any particular 
contribution in the spectrum, therefore it behaves like a white noise.  
The distinction between Vsum and Vtb and Vlr is stressed even in the figure Figure 4.10 a and b in 
which it is possible to observe how the distributions of the three signals are equal to each other but 
shifted along the x axis. This difference is due to the fact that the PSD is stimulated by the light 
with photons incident onto its spot, therefore it starts to have a significant current that is linked with 
the escalation of electrons from the valence band to the conduction band consequent to the energy 
they receive from the incident photons. 
The picture Figure 4.11 instead shows the frequency spectrum of Vtb in the same condition. It is 
possible to observe that no significant contributions are present, therefore the noise that affects the 
system is present at all frequencies and  it can be considered a white noise. 
We assumed that the room lighting can be added to the previous analysed noise components, thus 
we find out that the noise now reaches, in the worst case a value of 22.854 mV and it reaches this 
value for the signal Vsum. 
Anyhow if we consider only what happens to Vtb, that is the most important signal, it is possible to 
find out that Vtb is affected by a noise value equal to 12.566 mV. 
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4.2.3 Vibrational noise 
The vibrational noise analysis was performed using the system with both laser and room lighting 
on with the same methodology adopted to carry out the other measurements(§4.1.1). 
We obtained the following results:  
 Vtb:   mean value of 285.725 mV 
maximum value of 298.84 mV and minimum of 275.09 mV 
standard deviation of 3.27 mV and variance of 1.0745*10-5 
 Vlr:   mean value of -66.99 mV 
maximum value of 68.65 mV and minimum of 65.27 mV 
standard deviation of 512.6 µV and variance of 2.62*10-7 
 Vsum:   mean value of 7.975 V 
maximum value of 7.976 V and minimum of 7.973 V 
standard deviation of 507.421 µV and variance of 2.572*10-7 
A graph of the values assumed by the three signals Vtb. Vlr and Vsum in the time domain is depicted 
in figureFigure 4.11. The graph shows that the three signals are distributed in three different re-
gions, due to the normal behaviour of the PSD when it is excited by a laser.  This graph also shows 
that the values assumed by Vtb, Vlr and Vsum were flickering more than we observed in the previous 
cases. In order to understand the ranging of these signals we thought to make them comparable, 
therefore we looked for the lowest value assumed by each signal Vtb, Vlr and Vsum and found that 
they are respectively 275.09 mV, 0.065 mV and 7.973 V. Hence we considered these three values 
as three bias values, consequently in order to understand how much the mechanical vibration was 
affecting each signal, we subtracted the lowest value recorded for each signal from all the recorded 
values. Therefore we subtracted 275.09 mV from all the samples of Vtb, 0.065 mV from all the 
samples of Vlr and 7.93 V from all the samples of Vsum. The graph that displays the three signals 
obtained after this process is reported in figure Figure 4.13. From the graph it is now clear that Vtb 
is more strongly affected by the vibrational noise than Vlr and Vsum. We assumed that this fluctua-
tion is due to the mechanical vibration that affects the table on which all the equipment is located. 
This result is conceivable if we think that the table on which the system is installed is affected by 
the vertical vibrations transmitted by the building that houses the laboratory. These vibrations can 
be avoided if a piezo board is utilised to cut off all the movements arriving from the table. General-
ly this kind of board is similar to a scale that is positioned below the entire system with the purpose 
of reducing the mechanical vibrations within a range of few mHz to 200 Hz or more. In the system 
we built we did not introduce this kind of device, but as it will be suggested in the conclusions, a 
piezo board shall be employed in future. 
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Figure 4.12. The three signals Vtb, Vlr and Vsum split in three after the red laser hit the 
spot. 
 
Figure 4.13. The flickering that affects the Vtb signal much more than the Vlr and Vsum. 
This graph has been extracted subtracting to each one of the three signals its lowest val-
ue. This allowed me to compare them easily. 
Construction of a Scanning Thermal Atomic Microscope 80 
Luca Santarelli 
 
Figure 4.14. The signal Vtb zoomed in a certain range of values. This zoom highlights a 
sinusoidal trend in the signal that has been considered owing with the mechanical vibra-
tions of the building that houses the measurement laboratory. 
Coming back to the flickering, we observed that the flickering that affects Vtb, seems to have a 
trend more pronounced than Vtb and Vlr. For this reason we took the graph Figure 4.13 and we 
started to zoom in a limited region until we observed that Vtb has a sinusoidal trend.  
The presence of this mechanical noise that confers to Vtb a sinusoidal trend suggested me to analyse 
the frequency spectrum of the signal. The figure Figure 4.16 shows the entire frequency spectrum 
of Vtb, instead the figure Figure 4.17 a shows the zoom of the spectrum in the range of frequencies 
from 0 to 180 Hz. It is possible to notice that this spectrum has its biggest frequency components at 
70 Hz and at 0 Hz. This spectrum has been obtained taking 10,000 samples with a sampling fre-
quency of 200 kHz, the maximum frequency reachable by the DSP. The same result has been ob-
tained using an oscilloscope that confirmed the presence of the component at 70 Hz, bigger than 
the others and lower only respect to the frequency component at 0 Hz (figureFigure 4.17 b). 
This analysis and the discover of that component of noise suggested to introduce a low pass filter, 
that will be described in the section 4.3.3. 
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Figure 4.15. Probability density function of the three signals Vlr, Vtb and Vsum elaborated 
with the Matlab tool dfittool. The elaboration has been made using 10,000 samples for 
each signal taken with a sampling frequency of 1 kHz. The Vtb shows a wider distribu-
tion that means it tends to assume the values within its range with a more uniform prob-
ability with respect to Vlr and Vsum. 
To conclude this section, we took the results obtained in the last case, with both laser and room 
lighting turned on and we subtracted the lowest value registered in each signal, considering that 
value as a bias of the system. In fact this bias is probably due to the position of the laser that is 
quite impossible to fix exactly in the centre of the beam. Therefore if the laser is not exactly posi-
tioned in the centre it can induce a different value of the current in each spot and it can cause this 
bias in the registered values. 
Defining the background noise as the sum of all the effects linked with the dark current, the thermal 
effects and the room lighting, the peak of the background noise for each signal is: 
 Vtb background noise:   12.566 mV 
 Vlr background noise:   10.952 mV 
 Vsum background noise :   23.8 mV 
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Finally we can state that the peak noise for each signal present in the system, adding all the contri-
bution we investigated, is: 
Vtb:    36.316 mV. 
The part of this noise due uniquely to the mechanical vi-
bration is equal to 23.75 mV. 
Vlr:    14.332 mV.  
The part of this noise due uniquely to the mechanical vi-
bration is equal to 3.38 mV. 
Vsum:    26.8 mV.  
The part of this noise due uniquely to the mechanical vi-
bration is equal to 3 mV. 
 
Figure 4.16. The frequency spectrum of Vtb, measured with both laser  and room light-
ing turned on. The signal has been recorded at 200 kHz and obtained from 10,000 sam-
ples. It is possible to notice that the spectrum does not have significant components ex-
cept in the lower part, until 100 Hz. 
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Figure 4.17 a 
 
Figure 4.17 b 
Figure 4.17 a, b. (a) shows the frequency spectrum of the signal Vtb in the range be-
tween 0 and 80 Hz. The component at 70 Hz is the biggest after that one at 0 Hz. The 
result of this elaboration has been confirmed by using an oscilloscope that revealed the 
same component in the spectrum (b). 
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4.2.4 The resolution of the system 
In the previous section we succeed to obtain an assessment of the noise that affects the system in 
the worst case observed. Afterwards we assessed the value of the resolution and the dynamic range 
of each signal involved in the system inserting in the equations 4.2 and 4.3 the values found for the 
peak noise. We obtained the value of the resolution R in µm, its equivalent value in Volts Rv and 
the value of the dynamic range for both signals Vtb and Vlr. The value are: 
Vtb:          		=		7.99 µm 
          =		363.18 mV 
       	     	    = 27.5 
 
 
Vlr:          		=			3.15 µm 
          =		143.18 mV 
       	     	    = 69.8 
where we called RTB and RVTB respectively the value of the resolution in µm and its equivalent 
voltage value in mV for the signal Vtb. Similarly we called RLR and RVLR respectively the value of 
the resolution in µm and its equivalent voltage value in mV for the signal Vlr.  
We did not calculate the resolution and the dynamic range for the signal Vsum since it depends on 
the values registered for the other two signals and it does not contain information related to the dis-
placement of the tip.  
Although the obtained results show how the signal Vtb is more affected by the noise than the signal 
Vlr, we developed the system linking the detection of the vertical displacement of the tip to the sig-
nal Vtb therefore we cannot exploit Vlr for our purposes. In order to exploit the Vlr a new optics, 
completely different from the one built, should be developed. Therefore we decided to carry on 
with our optics. 
The results thus far obtained are related only to the performances of the detector when it reveals the 
movements onto its spot. As regards the resolution of the entire system intended as the lowest dis-
placement of the tip on the sample that the system is able to detect, it has still to be estimated. In-
stead the resolution of the entire system intended as the minimum voltage value produced by the 
PSD when it detects the minimum displacement of the tip it is able to detect coincides with the val-
ue found previously and equal to 363.18 mV. In fact the leverage amplifies the movements of the 
tip in order to be revealed by the PSD but the voltage values produced are always the same. In or-
der to obtain the resolution of the system it is necessary to consider the effect due to the optical 
leverage.  
The value of Vtb increases by 363.18 mV each time the laser covers a horizontal distance onto the 
spot equal to 7.99 µm. During a scan the tip moves horizontally of tens of nm. In order to make the 
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displacements of the tip detectable by the photodiode the optical leverage of the system has to am-
plify the displacements of the tip of thousands of times. Therefore the correlation between these 
displacements and the ones onto the spot of the detector depends on the optical leverage, whose 
development has been described in chapter 3. 
We decided to analyse the effect due to the optical leverage calculating the expected resolution in-
duced by the leverage and, afterwards, comparing this prevision with the results obtained doing a 
scan of a step of 30 nm.  
In order to assess the resolution of the entire system we entered the value of the resolution previ-
ously found for Vtb in the formula that links the displacement Z onto the spot with the displacement 
of the tip Δh (§3). The expected resolution of the entire system is given by: 
4.13 ∆ℎ = 	
 .  	  	  
	 	 
= 133.16	   
where L is the distance between the PSD and the tip equal to 15 cm and CL is the length of the can-
tilever of the tip equal to 0.5 cm. Therefore a laser displacement of 7.99 µm onto the spot is equal 
to about 133 nm, and Vtb changes its value of 363.18 mV. According to this calculation it is possi-
ble to obtain the value of the amplification of the optical leverage, that should be equal to 60. 
The calculated value does not correspond to the obtained experimental data. We used a sample with 
a step of 30 nm and we did several scans onto this sample observing that the voltage value given by 
the PSD was at most equal to 3 V (Figure 4.18 ) when the tip overcomes the step. A 3 V output 
from the PSD corresponds to a laser displacement of 66 µm, therefore the amplification of the opti-
cal leverage is equal to 2,200 and is different from the calculated value of 60. Therefore the system 
is able to detect a displacement much lower than 133 nm.  
Therefore the experimental data suggest that: 
 It is not possible to predict the effect of the optical leverage that depends on the calibration 
and the quality of the tip.  
 After several scans we observed that the value of the amplification due to the optical lev-
erage is at most between 2000 and 3000. 
 It is not possible to obtain a constant value for the resolution of the entire system since it 
strongly depends on the calibration of the system. 
  Considering a resolution equivalent to 363.18 mV and an amplification due to the lever-
age of 2,200 we obtain that the resolution of the entire system is 3.6318 nm. This resolu-
tion corresponds to a voltage value produced by the PSD that is 363.18 mV.  
 The measurement error due to the noise is equal to ± 0.362 nm when the leverage is 2,200.  
 
So I can state that the resolution of the system is 3.6318 nm, if the leverage amplification is equal 
to 2,200.  
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Considering that the value of the horizontal displacement of the tip, the displacement of the laser 
and the optical leverage are linked each other and the resolution Δhmin of the system depends on 
their values, the maximum resolution of the system is given by the equation:  
4.14     ∆ℎ    =
 .  	  
 
 
where A is the amplification of the leverage. 
In order to know the value of the leverage it is necessary to repeat the experiment we did to discov-
er which kind of amplification the optics gives in that case. The steps to follow are: 
1.  Insert the tip in the system, turn on the laser and position the beam in the centre of the 
spot; 
2. Calibrate the system in order to obtain the maximum depth of the signal or rather to obtain 
the maximum possible value of Vsum. 
3. Scan the sample with the step of 30 nm and record the value assumed by Vtb when the tip 
overcomes the step. We called that value of Vtb as Vtb30 
4. Extract the amplification value A using the formula: 
4.15      = 	
     	 .  	  
   .  	  	  	  	
= 733.337 ∗      	 
The Figure 4.18 b shows the evolution of Vtb during a scan above the step of 30 nm (Figure 4.18 a). 
The system has been set to make 10 steps per second and to cover a distance of 142.85 µm. Each 
step is long 0.435 µm. The signal was sampled at 10 kHz and the number of the samples was 
811,906. It is possible to see that the Vtb reaches a value close to 4 V, in modulus, and then it come 
back to 0. This is due to the scan that has been set in order to cover a linear path of 142.85 µm 
starting from a point and then coming back to the same point. 
The Figure 4.18 c shows the same distance covered by the system but with a different speed. The 
values assumed by Vtb are almost always the same. 
 
Figure 4.18 a 
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 Figure 4.18 b 
 
Figure 4.18 c  
Figure 4.18 a, b, c. The picture a displays the sample we used to test the system and 
check the resolution of the system. The golden squares are 30 nm steps. The picture b 
displays the result of a scan in the time domain. It is possible to see how Vtb changes 
according to the displacement of the tip on the 30 nm step. Picture c displays the results 
of several scans done with different speeds of scan and with the same step length.  
4.3 Analyses of frequencies and filter conception  
This part of the chapter reports the results we obtained scanning the 30 nm step.  
Once we did these measurements we succeeded to extract the frequency spectrum of the signal Vtb 
for each observed condition. We noticed the presence of a frequency component at 70 Hz and we 
assumed that it was due to the vibrational noise. Therefore we developed an eighth order Butter-
worth low-pass filter with a cut-off frequency of 30 Hz. This filter is aimed at reducing the noise 
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that affects the system. This filter permitted us to reduce the noise of the system and to achieve a 
higher value for the resolution and the dynamic range. 
4.3.1 Parameters of a scan 
To perform a scan means to move the tip on the sample and measure the variation of the signal Vtb. 
During the scan the tip is always contacting the sample. The nanopositioning is in charge to move 
the tip. During a scan the tip crosses a distance through small steps.  
It is possible to set several parameters of the nanopositioning in order to obtain different perfor-
mances of the scan. 
The parameters that can be set are: 
 Length of a step LS: the distance that the tip covers during a single step;  
 Speed of the scan vS: the distance that the tip covers in a second; 
 Frequency of the scan fS: the number of the steps that the tip does in a second; 
These parameters are linked each other. To set these parameters means to set the parameters of the 
piezo controller. As we reported earlier (2.2.2) the nanopositioning can move the tip within a vol-
ume of 200 µm x 200 µm x 20 µm. Each single step covers a distance that depends on the value of 
the voltage that the DSP sends to the piezo controller. Therefore programming the DSP it is possi-
ble to set the values of LS, fS and vS.  
In the following description the term step will be used in to refer both to the distance covered in 
each single horizontal displacement of the tip and to the 30 nm step meant as a stair of 30 nm. The 
reader should pay attention to this distinction in order to avoid confusion.  
It is important to remind that the smallest voltage value that the DSP can send to the piezo control-
ler is equal to 305.18 µV. This quantity determines the smallest value possible for LS that is 4.36 
nm. 
The piezo controller can be driven with voltage values from -2 V to +12V. Therefore the DSP can 
drive the piezo controller using voltage values multiplies of the value 305.18 µV and which are 
within the range between -2 V and +10 V . The DSP cannot give voltage values greater than +10 V, 
therefore the DSP cannot exploit the entire range of movements of the piezo controller. According 
to this limitation the system can move the tip within a volume of 171.43 µm x 171.43 µm x 17.14 
µm. 
In order to provide the analog values of voltage between -2 V and +10V from the DSP to the piezo 
controller it is necessary to set the AC/DC converter of the DSP with the numbers between 26,214 
and 65,535.  
The parameter LS is always a multiple of the quantity 4.36 nm. LS can be expressed as: 
4.16        = (  − 26,214) ∗ 4.36	   
where n is a number that can assume all the integer values between 26,214 and 65,535. 
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The speed of the scan can be set using the equation: 
4.17        =    ∗    
The speed depends on the length of each step and the frequency with which these steps are execut-
ed. In order to understand how to set the frequency of the scan we have to introduce another pa-
rameter of the DSP. 
The AdWinGold executes its instructions in 102.5 ns, therefore it is required to insert a sleep com-
mand in the program that slows down the execution. The sleep command is a function of the 
ADwin gold that expects to receive as argument an integer number. This sleep command pauses the 
execution of the program for a period that depends on the value of its. If the sleep command as-
sumes the value 1 the nanopositioning executes the step in 102.5 ns. Therefore we calculated a 
multiple of 102.5 and we entered this value as argument of the function sleep command and in this 
way we succeeded to control the frequency and the speed of the scans. 
The frequency of the scan can be set inserting as argument of the sleep command the quantity K 
that can be calculated with the formula:  
  = (  	 ∗ 102.5	  	)
   
where K is an integer. 
For instance if we want to perform a scan with a frequency of 10 Hz, K has to be equal to 975,609. 
Continuing this example, in order to perform steps of 43.6 nm, we have to set the value of n of the 
equation 4.16 equal to 26,224. Therefore, according to the equation 4.17, the speed of this scan is 
436 nm/s.  
In this system the maximum frequency that can be reached is 250 Hz and this limit is due to the na-
nopositioning that cannot move the sample more than 250 times per second. 
In the following sections we will report the results we obtained from scans we did, in each one of 
this cases we will specify the values of the scan frequency, of the length of the steps and of the 
speed of the scan. 
In Figure 4.19 a screen shot of the program we used to set the parameters of the scans is displayed.  
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Figure 4.19. The figure shows an ADwin program that executes a scan of a sample cov-
ering 1024 rows on the sample. Along each row, in turn, the tip is moved 1024 times 
with a frequency of 10 Hz and the length of each step is 8.72 nm. The speed of this scan 
is 87.2 nm/sec 
4.3.2 Results of the scans of a step with a height of 30 nm. 
In this section the results we obtained doing scans of a 30 nm step are reported. These scans were 
aimed at analysing the spectrum frequency of the signal Vtb and thus to identify which components 
of the spectrum could be associated to the useful information of the signal and which ones instead 
could be associated to the vibrational noise. We performed the analysis of the obtained results in 
the time and frequency domain. The scan consisted of moving the tip, forwards and backwards, 
from a point of the sample to another one covering a distance of 142.85 µm. The tip had to climb a 
30 nm step outward and then to descend it. 
Vtb is negative when the tip moves up and it is positive when the tip moves down along its vertical 
direction. Looking at the Figure 4.18 b and c the signal Vtb draws a “v” each time a scan is per-
formed, except the case in which the tip contacts the sample and the system does not move it. Vtb 
draws this ”v” because when it climbs the step its value decreases gradually, instead when it de-
scends the step its value increases gradually until it finishes to descend the step. Vtb assumes at the 
end of the scan the same value it had at the beginning. This is a good result because it means that 
the control of the movements of the scan is reliable and that is working properly. 
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The first analysis we report deals with the result of the measurement of the signal Vtb recorded 
when the tip is motionless and in contact with the sample (Figure 4.20, Figure 4.21). Even if the 
system is motionless the tip is fluctuating and the PSD registers value equal to ±1 V. This oscilla-
tion of the values assumed by Vtb is due to the vibrational noise. When we analysed the vibrational 
noise previously we did it with the tip contactless with the sample. The fluctuation we observed in 
that case was much lower. This means that when the tip touches the sample the system becomes 
more sensitive to the vibrations. The frequency spectrum revealed that significant components were 
present near 0 Hz, at 67 Hz, at 100 Hz and at 120 Hz. The biggest components are those at 67 Hz, 
and at 0 Hz. As described in subsection 4.2.3 we already observed in the frequency spectrum the 
presence of the component close to 70 Hz when we analysed the noise affecting the system with 
the tip not in contact with the sample. 
We assumed that the components at 67 Hz, at 100 Hz and 120 Hz are related with the vibrational 
noise, instead the component at 0 Hz is due to the dc component, i.e. the position signal. 
 
Figure 4.20. The flickering of the tip when it touches the sample and the scan is motion-
less. The measurement has been done with a sampling frequency of 10 kHz and the rec-
orded samples have been 667,147. 
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Figure 4.21. The frequency spectrum of the signal Vtb when the tip touches the sample 
and the scan is motionless. The bigger component is that one at 67 Hz. This component 
and the components close to this value are due to the vibrational noise.  
Afterwards we performed several scans with the following parameters: 
i. fS = 10 Hz, LS = 436 nm; vS = 4.36 µm/s; 
ii. fS = 20 Hz, LS = 436 nm; vS =  8.72 µm/s; 
iii. fS = 40 Hz, LS = 436 nm; vS = 17.44 µm/s; 
iv. fS = 80 Hz, LS = 436 nm; vS = 34.88 µm/s; 
v. fS = 160 Hz, LS = 436 nm; vS = 69.76 µm/s; 
vi. fS = 240 Hz, LS = 436 nm; vS = 139.52 µm/s; 
 
The results of these scans in the time domain are reported in Figure 4.18, whereas the results in the 
frequency domain are illustrated in Figure 4.22. The results refer to the values assumed by the sig-
nal Vtb. We are no longer considering what happens to the signals Vlr and Vsum since we assumed 
that the lateral movements are almost null and that the system is exploiting the maximum depth for 
the signal Vtb.  
Construction of a Scanning Thermal Atomic Microscope 93 
Luca Santarelli 
 
Figure 4.22. The frequency spectrum of the signal Vtb produced during the scans of the 
same 30 nm step executed with the same LS but with different speed . 
Comparing the results obtained in the time domain: 
 the values assumed by the signal Vtb are affected by fluctuations in all cases;  
 Vtb increases the value of its modulus when the tip climbs the step;  
 the maximum value assumed by the modulus of Vtb was 4.225 V and it was recorded dur-
ing the scan performed with a scan frequency of 20 Hz; 
 the minimum value assumed by the modulus of Vtb was 3.718 V and it was recorded during 
the scan performed with a scan frequency of 160 Hz; 
 in each scan it seems that Vtb increases and decreases the modulus of its mean value linear-
ly, despite the presence of the fluctuations.  
Comparing now the same results in the frequency domain we can notice that:  
 in each scan performed with motion, the signal Vtb has in its spectrum the four components 
that were present in the spectrum of the motionless scan; 
 in each scan Vtb has a components close to the frequency used to perform the scan (Figure 
4.24); 
 the components at 0 Hz and 67 Hz remain the biggest ones in each performed scan 
(Figure 4.24); 
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Figure 4.23. This picture shows that the biggest components are the ones at 67 Hz and 
at 0 Hz. 
 
Figure 4.24. The figure shows the zoom of the frequencies present between the compo-
nent at 0 Hz and the component at 67 Hz. The components close to 10 Hz, 20 Hz and 40 
Hz have been labelled in order to highlight that in each scan Vtb has components in its 
spectrum close the value of the scan frequency. 
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We performed other scans changing the parameter LS. The results in the time domain of a scan ex-
ecuted with LS set to 43.6 nm are reported in Figure 4.25. The spikes that are present are due to the 
irregularities in the sample we used. These irregularities were not revealed when we did the scan 
using a longer step. Therefore scanning using a shorter step allows to obtain a higher resolution. 
 
Figure 4.25. The result of the scan in the time domain of a 30 nm step in which the scan 
frequency used is 20 Hz and the scan speed is 872 nm/s.  
We report now the results of three scan we did in which the only parameter we changed from a 
scan to another was LS. Each scan covered a distance of 142.85 µm at 160 Hz. The value of LS for 
the three scans were 436 nm, 43.6 nm and 4.36 nm. Figure 4.26, Figure 4.27 and Figure 4.28 show 
the results of these scans. We did these scans in order to further investigate on the effects due to the 
change of LS.  
In the first case the system is not able to appreciate the irregularities along the climbing of the sam-
ple as it did in the other two cases. In the second case the “v” drawn was wider because the tip does 
more steps and each step is shorter respect the ones the tip did in the first case. In the third case we 
can see that the “v” is as wide as it was in the second case but, because of the higher resolution of 
the system, the tip could reveal an imperfection in the same point of the sample and it revealed it 
both forwards and backwards. 
The Figure 4.29 a shows the frequencies spectrum of these three scans.  
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Figure 4.26. The result of a scan executed at 160 Hz with steps 436 nm long. The scan 
covered a distance of 142.85 µm 
 
Figure 4.27. The result of a scan executed at 160 Hz with steps 43.6 nm long. The scan 
covered a distance of 142.85 µm 
 
 
Figure 4.28. . The result of a scan executed at 160 Hz with steps 4.36 nm long. The scan 
covered a distance of 142.85 µm 
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Figure 4.29. The frequency spectrum of the three scans performed at 160 Hz in which 
the only parameter we changed from a scan to another was the length of the steps LS. It 
is possible to see that the biggest component is in all cases the one at 0Hz. 
We assumed that part of the useful information brought by Vtb is linked with its mean value (com-
ponents close to 0 Hz). We also assumed that the components in the range between 59 Hz and 67 
Hz, the component at 100 Hz and the one at 120 Hz are due to the vibrations that affects the envi-
ronments in which the system is located.  
In order to reduce the effects due to the vibrations we considered the following solutions: 
 develop an analog low-pass filter that obtains a good rejection of the components greater 
than 59 Hz ; 
 develop a notch filter that rejects the band between 59Hz and 67 Hz; 
 develop a digital filter that removes all the components attributed to the vibrational noise. 
We chose to develop an analog low pass filter and we built an eighth order low-pass Butterworth 
filter with a cut-off frequency of 30 Hz. This solution reduced the value of the noise affecting the 
system and allowed to assess the resolution of the system as we described in subsection 4.2.4. 
However this solution has to be changed because we observed that cutting the frequencies higher 
than 30 Hz we reduced the bandwidth and it is not possible to perform scan with frequencies higher 
than 30 Hz. As we will describe later, even if the scan is performed using a scan frequency lower 
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than 30 Hz, it could be that part of the useful information brought by Vtb has a spectral content lo-
cated over 30 Hz that is lost due to the properties of the filter.  
4.3.3 Design of a low pass Butterworth filter  
As earlier said, we decided to remove the components at 70 Hz, at 100 Hz and 120 Hz since we as-
sumed that these components are due to the vibrational noise. We decided to employ a low pass fil-
ter with a cut-off frequency of 30 Hz. We designed this low-pass filter using four Sallen key cells 
[36].  
The filter has the following characteristics:  
 cut-off frequency fC at 30 Hz.; 
  when f is equal to 70 Hz the modulus of the frequency response is equal to 0.014  
(-37 dB); 
 the slope of the gain of the filter is -160 dB/decade; 
 the order of the filter is 8. In order to obtain this order four stages are needed;  
 each stage of the Butterworth filter is a filter that has a gain with a slope of -40 dB/decade;  
 each stage is obtained using a Sallen Key cell set as a low-pass filter (Figure 4.30). 
An eighth order Butterworth filter has the following transfer function: 
4.18      ( ) = 	
 
  ( )
 
where BS(s) is a polynomial that changes its order according to the order of the filter. The eighth 
order of BS(s), or rather B8(s) is: 
4.19   ( ) = ( 
  + 0.3986  + 1)(   + 1.110  + 1)(   + 1.6630  + 	1)(   + 1.9622  + 1) 
We can write the equation 4.19 as: 
4.20      ( ) = (   ( ))(   ( ))(   ( ))(   ( )) 
where we named the first polynomial of B8(s) as Sk1(s), the second one as Sk2(s), the third one as 
Sk3(s) and the fourth one as Sk4(s). 
Each stage of the Butterworth filter is a Sallen Key cell set as a low-pass filter.  
The first stage has the transfer function equal to: 
4.21         ( ) = 	
 
   ( )
 
The second stage has the transfer function equal to: 
4.22         ( ) = 	
 
   ( )
 
The third stage has the transfer function equal to: 
4.23         ( ) = 	
 
   ( )
 
 
 
The fourth stage has the transfer function equal to: 
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4.24         ( ) = 	
 
   ( )
 
 
 
 
Figure 4.30. A Sallen key cell set as a low-pass filter.  
Once we obtained the transfer function of each stage we designed the entire circuit and we tested it 
in Orcad (Figure 4.31).  
Appendix B reports the schematic and the printed circuit board of the circuit. 
 
 
Figure 4.31. The result of the simulation of the low-pass filter we designed.  
Afterwards we built physically the circuit on a breadboard and we plugged it to the system. 
A picture of the filter is reported in Figure 2.13. 
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4.3.4 Results of the filtered scan 
In this section the results obtained scanning the 30 nm step by filtering the output signal Vtb are 
reported. 
 
Figure 4.32. The results of the scans executed with different values of frequency and 
with the parameter LS equal to 436 nm. 
In Figure 4.32 the results of different scans performed with different values of frequency and with 
steps 436 nm long are reported. The scans performed at 20 Hz and 40 Hz are similar, instead the 
scans executed at 80 Hz, 160 Hz and 240 Hz appear sharper and less fluctuating. Since we assumed 
that the filter reduces the vibrations, if the surface of the sample is perfectly smooth the signal Vtb 
appears completely linear and without any kind of flicker. Obviously the surface of the sample is 
not perfectly smooth, therefore we assumed that the fluctuations present in the Figure 4.32 along 
the profile of the scan executed at 20 Hz and 40 Hz is related uniquely to the roughness of the sam-
ple that has been revealed because of the higher resolution of the system. 
During a scan if the tip meets irregularities along its path it reacts going up and down. These subtle 
movements provoke a change in the frequency spectrum of the signal Vtb and these change are use-
ful components of the signal. These frequency components due to the subtle movements of the tip 
could be filtered even if the scan was performed with low of scan speed. It means that this filter re-
duces the effects due to the vibrations but it could also cut components that bring information. 
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Figure 4.33. The results in the time domain of two scans of the same sample executed 
with a frequency scan of 20 Hz, a length of the step equal to 43.6 nm with  (red graph) 
and without (blue graph) the filter 
 
Figure 4.34. The results in the frequency domain of two scans of the same sample exe-
cuted with a frequency scan of 20 Hz, a length of the step equal to 43.6 nm with (red 
graph) and without (blue graph) the filter  
 
In  
Figure 4.33 and Figure 4.34 we reported the comparison of the results of two scans of the same 
sample, the 30 nm step, executed with the scan speed set at 872 nm/s. The signal Vtb recorded in 
the first case is not filtered, instead it is filtered in the second case. Looking at the results in the 
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time domain we can see that the fluctuations are strongly reduced but the two spikes we observed 
and that we attributed to an irregularity of the sample are no longer present.  
This could mean that this irregularity produced subtle movements of the tip that conferred to Vtb 
useful frequency components that were cut by the filter. This is a negative aspect, in fact even if we 
did a scan using a scan frequency within the range allowed by the filter some useful components of 
the frequency spectrum have been lost. This event is due to the mechanical properties of the tip. In 
fact the cantilever confers to the tip mechanical properties that make behave the tip similarly to a 
spring. When the tip meets an irregularity of the surface it is scanning if this irregularity is big 
enough the cantilever of the tip is contracted and then released as it happens to a spring. This pro-
cess of contraction and release produces movements of the tip that confer to Vtb an useful spectral 
content that could be located over the allowed bandwidth.  
We did not analyse this phenomenon but in order to obtain reliable results it should be faced and 
controlled as well. 
The assessment of the resolution of the system is valid only if the filter is used. In fact the filter re-
duces the value of the vibrational noise and makes its residual value comparable to the one we rec-
orded and we used to obtain the resolution of the system (§4.2.4).  
4.4 Conclusions of the signal processing 
The elements necessary to perform a scan have been described along this chapter, however the sys-
tem is not ready to scan polymeric samples because the filter can waste useful information whose 
spectral content is not within the range allowed by itself. The system needs a solution for the vibra-
tional noise, otherwise the resolution of the system is too low. As we saw in the Figure 4.20, when 
the tip touches the sample and is motionless if a filter is not employed, the signal Vtb oscillates be-
tween +1 V and -1V. This oscillating generates a noise that is 30 times greater than the one we 
considered to calculate the resolution of the system, therefore without a filter that removes the os-
cillation all the reasoning we did in subsection 4.2.4 are no longer valid. 
Who wants to improve this system has to consider these aspects and choose another solution that 
could allow to reduce the vibrational noise and in the meantime to save the spectral content due to 
the subtle movements. 
Another item that is necessary to develop is a PID control aimed at controlling the vertical position 
of the tip. Controlling the vertical position could avoid damaging the tip during the scan and be 
useful to control the spring effect due to the cantilever of the tip. 
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5 Thermal Control Development 
This chapter introduces the design of the thermal control of the SThM that performs a Temperature 
Contrast Mode (TCM) or a writing mode scan (§1.2). 
The first part of the chapter focuses on the description of some components we used in the project 
of the thermal control such as the Wheatstone bridge, the ARDUINO board chosen to perform a 
PID and a Pulse Width Modulation (PWM) control.  
The second part of the chapter describes the results we obtained performing the heating of the tip 
and the melting of a polystyrene crystal.  
The thermal control we designed has not been tested yet, therefore the results reported in this chap-
ter are related uniquely to the tests we did without performing the closed loop control.   
I thanks a lot the bachelor student Pietro Nannipieri who helped me in the development of the 
thermal control. 
5.1 Thermal control 
The thermal control of the system is designed to perform the TCM and CCM scan. The CCM con-
trol, in turn, needs to heat up the tip probe and to keep it at a certain temperature. 
The heating of the tip required to perform the CCM scan can be exploited to perform thermo-
lithography of advanced functional materials. Functional materials are organic materials, like pol-
ymers, that can be manufactured through a thermal process. In chapter 2 (§ 2.1) we introduced the 
process that permits obtaining nano-patterned structures of poly p-phenylene vinylene (PPV) from 
p-xylene tetrahydrothiophenium chloride (PXT) through a thermal process. When the system is 
used for thermo-lithography it performs a writing mode scan.  
We designed an electronic circuit that allows to perform both the TCM mode and the writing mode 
scan. 
In order to identify the system specifications, we analysed the process that provides PPV from 
PXT, as it is explained in [18] . These specifications are: 
i) TCM mode: 
 Read the temperature of the sample with a resolution of ± 1°C; 
ii) Writing mode: 
 Heat up the probe until 200°C; 
 Maintain the temperature of the probe stable within a range of 200° ± 10°C; 
In order to perform these two modalities we designed the circuit in Figure 5.1 which includes: 
 a Wheatstone bridge: designed to reveal the variation of the probe temperature; 
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 an ARDUINO board that performs a PID control and produces a square wave with a setta-
ble value of duty cycle in the writing mode and reads the temperature in the TCM mode;  
 a PWM control: that controls the value of the current flowing in a BJT transistor inserted 
into the circuit, therefore in the TCM mode do not varies the current in the bridge, instead 
in the writing mode varies the current flowing in the bridge in order to heat up or cool 
down the tip; 
 a Differential Amplification Stage: it reads the value of the voltage between the branches of 
the Wheatstone bridge and extracts the temperature of the tip. This stage has two outputs 
which provide the value of the temperature respectively in the TCM mode and in the writ-
ing mode.  
 
 
Figure 5.1. The circuit for the thermal control we designed. It is possible to distinguish 
the Wheatstone bridge (a), the ARDUINO board (b), the circuit for the PWM control 
(c), the differential amplification stage which has two outputs, one for the TCM mode 
(d) and the other for the writing mode (e). 
We will describe each aspect in the following subsections. 
  
a 
b 
c 
d 
e 
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5.1.1 Wheatstone bridge 
The Wheatstone bridge is the component that reveals the variation of the probe temperature be-
cause of the change of the tip resistance. As we said in chapter 2 (§2.2.4), the Wollaston tip follows 
the law: 
2.7     ( ) =   	[1 + 	 	(	  −   )] 
therefore according to the change of the temperature the value of the probe resistance change as 
well. This probe is then inserted in a Wheatstone bridge (Figure 5.2). According to the technical 
sheet issued by the Veeco company that produce this probes model, the Wollaston tip follows that 
law within a range of temperature between 0°C and 400°C. Furthermore the probe has a resistance 
value of 2.1 Ω at 25°C and a temperature coefficient α equal to 0.00165 K-1. We took for granted 
these values and we designed the system consequently.  
 
 
Figure 5.2. A picture of a Wheatstone bridge. The variation of the voltage depends on 
the change of the resistance of the element Rx, that is the tip probe. 
Looking at the element a of Figure 5.1, we chose three resistors of 2.2 Ω each that plugged to the 
tip, as displayed, form the bridge. Comparing the scheme of Figure 5.2 to the one of Figure 5.1, the 
three 2.2 Ω resistors correspond to the resistors R1, R2, R3, whereas Rx is the tip probe. It is also in-
serted in the scheme of the bridge, in the point A, a resistor of 10 Ω. 
Afterwards we plugged to the point C of the scheme of Figure 5.2 a npn power transistor and a 15 
Ω resistor that acts as a switch for the bridge. We will see that this switch is designed to control the 
current flowing in the bridge and therefore the temperature of the tip probe. 
The principle of function is that when the tip resistance changes, Vg changes as well following the 
equation: 
5.1        = 	
 (       )
       
 
where we set R1=R2=R3=R= 2.2 Ω. Vg is measured and amplified by the differential amplification 
stage. According to the scan modality that the system is performing, once the value of the tempera-
ture of the tip is known the system acts on the value of the current flowing in the bridge.  
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If we are in TCM mode the system maintains constant the value of the current flowing in the 
bridge, otherwise if we are in the writing mode the current is increased or decreased depending on 
the temperature reached by the tip.  
The tip has a cooling constant τc equal to 270 µs and a heating constant τh equal to 200 µs, there-
fore the system should be able to measure the temperature and act on the bridge more than 3700 
times in a second in order to follow perfectly the evolution of the probe. The ARDUINO board has 
a 16 MHz clock frequency , therefore it should be able to perform a control of the system.  
5.1.2 ARDUINO board and the PWM control circuit 
The ARDUINO UNO (Figure 5.3) is an ATmega328 microcontroller electronic board. This board 
is designed to receive the value of Vg measured and amplified by the differential amplification 
stage, thus to associate to this value a temperature and, depending on the modality performed, to 
change the value of a square wave duty cycle (Figure 5.1 b and c) that ARDUINO generates as in-
put of a fourth order low-pass Butterworth filter. The filter, in turn, picks up the mean value of the 
square wave and sends it to the base of the power transistor. Changing the value of the base current 
of the power transistor, the value of its collector current that corresponds to the value of the current 
flowing in the bridge change accordingly.  
Elements b and c of Figure 5.1 correspond respectively to the ARDUINO and the PWM control. 
The PWM control incorporates in the scheme the low pass filter and the switch of the bridge (npn 
power transistor). 
   
Figure 5.3. Picture of the ARDUINO UNO, front and back. Image taken from 
http://arduino.cc/en/Main/arduinoBoardUno. 
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The ARDUINO is plugged directly to a PC and can be programmed through an open source soft-
ware provided by the ARDUINO company.  
As earlier said, in the TCM mode the value of the base current of the transistor is constant, there-
fore this means that the square wave duty cycle is constant. In this modality the value of the collec-
tor current is set equal to 2 mA. The square wave has a 5 V amplitude, 490 Hz frequency and vari-
able duty cycle that can be set with a  resolution of 8 bits, which means that we can regulate it ap-
proximately with steps of 0.4%. In the writing mode the value of the duty cycle is changed by the 
ARDUINO according to a PID control performed in order to achieve a probe temperature as close 
as possible to the one specified to perform the thermo-lithography process (i.e. 200° C for the pro-
cess that gives PPV from PXT). In the writing mode the current increases until 350 mA. 
Concerning to the filter used to pick up only the mean value of the square wave, we designed a 
fourth order low-pass Butterworth filter. As already described in chapter 4 (§4.3.3) a Butterworth 
filter has the following transfer function: 
4.18      ( ) = 	
 
  ( )
 
where BS(s) is a polynomial whose order changes according to the order of the filter. The polyno-
mial BS(s) of a fourth order low-pass Butterworth filter is given by: 
5.2     ( ) = ( 
  + 0.7654  + 1)(   + 1.8478  + 1) 
We can write the equation 5.2 as: 
5.3      ( ) = (   ( ))(   ( )) 
where Sk1(s) and Sk2(s) are respectively the first and  the second polynomial highlighted in equa-
tion 5.2.  
Each stage of the Butterworth filter is a Sallen Key cell set as a low-pass filter.  
The transfer function of the first stage is equal to: 
5.4         ( ) = 	
 
   ( )
 
whereas the second stage has a transfer function given by: 
5.5         ( ) = 	
 
   ( )
 
The design of the filter is reported in Figure 5.4. Figure 5.5 reports the result of the simulation of 
the filter. 
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Figure 5.4. The schematic view of the filter we designed to pick up the mean value of 
the square wave [37]. 
 
Figure 5.5. A simulation of the filter designed to pick up the mean value of the square 
wave [37]. 
Concerning the transistor we inserted into the circuit and that is part of the PWM control, it is set as 
a DC common emitter. An equivalent circuit of the transistor configuration is displayed in Figure 
5.6. Vpwm is a DC voltage between 0 V and 5 V, Req is the equivalent value of the bridge and the 
collector resistances. The value of Req set at 13 Ω is an indicative value inasmuch the resistance of 
the probe can vary up to ± 10%. According to this configuration when the base voltage is 0.7 V, the 
transistor is in the forward bias zone. 
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Figure 5.6. An equivalent schematic circuit of the power transistor we inserted in the 
thermal control. The transistor is configured as a DC common emitter [37].  
As regards the PID control that is performed in the writing mode, it has to be designed to check 
continuously the value of the voltage Vg and act on the system changing the value of the duty cycle 
of the PWM consequently. We did not succeed in the time we had to design and insert in the sys-
tem a software that could perform this scan.  
5.1.3 Differential amplification stage 
The differential amplification stage is in charge to measure, amplify and send to ARDUINO the 
value of Vg registered between the two branches of the bridge  
In this part of the circuit the value of Vg is picked up and sent to two different branches of the dif-
ferential amplification stage. We designed two different branches because, dependently on the mo-
dality the system is performing, the values of the current flowing in the bridge provoke different 
value of Vg. We set that the value of the current has to be approximately equal to 2 mA in TCM 
mode, instead in the writing mode the current increases until approximately 350 mA. 
These values of current generate the voltage Vg that has to be maintained within a range between 0 
V and 5 V. In fact the input pin of the ARDUINO board has a AC/DC converter that accepts values 
of voltage within that range. Furthermore, Vg  should be always maintained at less than 7 V other-
wise it damages the ARDUINO port. Vg assumes values that are in different ranges according to 
the modality that the system performs, therefore we designed two different branches with two dif-
ferent values of amplification in order to adapt these ranges to the required safe input range of volt-
age.  
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Figure 5.7 shows the circuit that represents the differential amplification stage. In each branch there 
is a buffer stage and a differential amplifier both obtained with operational amplifiers. All these 
components are included in the LT1168CN8 amplifier. This amplifier is a differential amplifier 
which can be set in order to obtain different values of gain. 
The gain of the LT1168CN8 can be set following the equation: 
5.6       =
  . 	  
  
 
where G is the value of the desired gain, Rg is the value of the resistor that has to be plugged to the 
amplifier in order to reach G.  
Assuming that the system never has to measure temperatures above 300° C, considering that the 
value of the probe resistance is 3.052 Ω at 300° C if it follows exactly the law2.7 but we even ob-
served that certain tips arrive to a value of 5.56 Ω, assuming that the current is 2 mA in the TCM 
mode and 350 mA in the writing mode, we set these amplifiers in order to obtain a value of gain in 
the TCM mode branch of 10,000 and in the writing mode of 60. In order to obtain these values of 
gain we used a resistor of 4.94 Ω in the TCM mode branch amplifier and a 820 Ω resistor in the 
writing mode branch. Figure 5.8 displays the circuit with the amplifier LT1168CN8 set with these 
resistors. 
 
 
Figure 5.7. Zoom of the differential amplification system. The signal Vin reaches the 
two buffers, a and b, then the outputs of these buffers are sent to the amplification stage 
both in read mode (c) and in writing mode (d). A switch (e) is set according to which 
modality has to be performed. The output of the system is the input of the ARDUINO. 
a 
b 
c 
d 
e 
Vin 
Vin 
Vout1 
Vout2 
Vin Arduino 
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The picture highlights each branch which corresponds to a single LT1168CN8 amplifi-
er. 
 
Figure 5.8. A schematic view of the system in which we inserted the component 
LT1168CN8, that is a differential amplifier with settable gain [37]. 
 
Figure 5.9. An overall schematic view of the system [37]. 
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Figure 5.9 displays all the items of the thermal control system. ARDUINO communicates with the 
PC that set the parameters of the scan, therefore ARDUINO receives these parameters through a 
serial interface. Once it is set, ARDUINO controls the value of the transistor base voltage in order 
to perform the scan. In this phase ARDUINO receives the value of Vg (VBRIDGE) from the circuit, 
that in turn depends on the value of the probe temperature and it reacts changing the value of VPWM. 
5.2 Experiments with polystyrene 
We did an open loop control test of the writing mode scan. We plugged the Wollaston tip to a cir-
cuit in which we inserted a 100 Ω high power dissipation resistor and a settable continue voltage 
supplier (Figure 5.11). We inserted the probe in the optics of the system and we put a crystal of 
polystyrene in contact with the tip (Figure 5.10). Afterwards we calibrated the system centring the 
laser reflection on the probe cantilever (Figure 5.13). The signals that are produced in this phase by 
the PSD are displayed in Figure 5.12. We put an ammeter plugged to the circuit we used to perform 
the polystyrene melting, therefore in the meanwhile we increased the value of the voltage supplier 
we checked the value of the current flowing in the tip. Once the system was set we turned on the 
voltage supplier and we started increasing its value gradually observing what it was occurring in 
the material according to the applied voltage. We observed that for values of current lower than ap-
proximately 86 mA the system revealed slight change, probably due to bulges produced on the 
crystal surface by the heating. When the current overcomes this 86 mA threshold we observed that 
the signal Vtb suddenly changed and began equal to 9 V (Figure 5.14).  
 
 
Construction of a Scanning Thermal Atomic Microscope 114 
Luca Santarelli 
 
Figure 5.10. A picture of the tip that is in contact with a crystal of polystyrene. 
 
 
 
Figure 5.11. A schematic view of the circuit we used to melt the polystyrene crystal.  
 
The increase of the signal Vtb is due to the tip that melt the crystal and penetrates inside its structure 
(Figure 5.15). The melting point of the polystyrene is 240° C, therefore when the current that flows 
in the tip is equal to 86 mA the temperature of the tip is 240° C. 
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Figure 5.12. The signals Vtb and Vlr generated by the system when the probe is in con-
tact with the crystal, the melting circuit is turned off and the items are positioned as in 
Figure 5.13. 
 
 
 
 
 
Figure 5.13. Positioning of the probe and the polystyrene crystal at the beginning of the 
experiment. This situation generates the signals as displayed in Figure 5.13 [37]. 
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Figure 5.14. The values assumed by Vtb and Vlr when the tip succeeds to penetrate the 
crystal structure. 
 
 
 
 
Figure 5.15. Probe that is sunk into the polystyrene crystal structure, therefore the re-
flection now hits the PSD in its bottom part [37]. 
This experiment helped us to understand the way the tip effectively changes its resistance value ac-
cording to the current flowing in it. Since we knew that the current flowing in the tip is 86 mA at 
240° C we understood how to dimension the Wheatstone bridge circuit.  
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Although we took for granted the data issued by the Veeco company we observed that the tips of-
ten have different values for the magnitude α, Ro, and R. This means that each tip needs to be test-
ed and the parameters of the system need to be customized for each tip. In order to be tested, the tip 
resistance can be measured in a bath of melting ice, that assures the tip is at 0° C, afterwards the 
same measurement can be performed in a bath of boiling water (Figure 5.16). Henceforth in this 
way it is possible to obtain two of the points of the straight line drawn by the equation 2.7. A third 
point could be obtained performing the melting polystyrene crystal experiment we did.  
An investigation of the characteristics of the tip needs to be performed since the system, especially 
in the TCM mode, has to be as accurate as possible and even slight changes of the probe parameter 
can determine great systematic errors in the measurement. 
 
 
Figure 5.16. The four probes measurement we performed measuring the tip resistance in 
boiling water. 
5.3 Conclusions of the thermal control 
The designed system needs to be further tested and improved, in particular in each of its aspects. In 
particular it needs the following part to be designed and inserted: 
 a Software interface that could associate to each value of Vg a value of temperature and 
display it; 
 a PID control that could be used in the writing mode; 
 the physical construction of the designed circuit; 
 an assessment of the stability of the system; 
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 an assessment of the maximum system frequency; 
 n assessment of the accuracy achievable by the system. 
Although these aspects should be addressed, we designed a circuit and projected a system that 
seems to be able to control the temperature and therefore obtain TCM and writing mode perfor-
mances. 
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6 Final consideration and desirable developments 
We built a prototype of an AFM system that can be also used as a SThM. We firstly analysed an 
older prototype and we decided to build a new one since we found this older one difficult to handle. 
Therefore we divided our development into different aspects. We faced the development of a new 
optics, we performed scans of a 30 nm step sample, we analysed the results of these scans, we built 
a filter aimed at reducing the noise affecting the system and eventually we designed a thermal con-
trol.  
The main achievements we have obtained are:  
 We built an optics that associates tip vertical displacements uniquely to the Vtb signal, tip 
lateral displacements uniquely to the Vlr signals and the range of these signals is ±10 V; 
 We obtained that a 30 nm step sample can be revealed producing a Vtb signal of ≈3V; 
 We built an eight order low-pass Butterworth filter with a 30 Hz cut-off frequency that we 
inserted in the system in order to reduce the noise affecting the system; 
 We assessed that the resolution of the system, with the filter, is ≈ 5 nm, without it is re-
duced at ≈150 nm; 
 We designed a thermal control that enables the system to perform a TCM scan and a writ-
ing scan; 
 We succeeded to melt a polystyrene crystal heating up the probe of the system we build 
performing an open loop control. 
Nevertheless during our development we noticed that many other analysis need to be performed 
and many improvements need to be achieved. 
OPTICS: 
 The tip need to be changed in order to reduce as much as possible the calibration needed 
each time the tip is changed; 
 A new tip holder system should be adopted since the actual has problem of tip plate posi-
tioning; 
 Further investigations on the effective optic lever amplification should be performed; 
 The assessment of a different laser that is less sensitive to vibrations should be done; 
 An assessment of the tip resolution, since it has a touching perimeter of 100 nm, is re-
quired;  
 Since the vibrations affects the laser less laterally, design a new optics on the Vlr signal 
based. 
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SIGNAL PROCESSING: 
 The filter we built shall be changed because of its tendency to cut useful signal frequency 
components; 
 A PID control of the vertical position of the tip shall be developed; 
 The 30 nm step scans we did shall be repeated in a constant force mode since we did all 
our scans in a constant height mode; 
 Scans of several well-known profile samples, both in constant force and constant height 
mode, should be performed; 
 Another assessment of the resolution of the system shall be performed; 
 A prescaler that could allow exploiting all the spatial movements of the piezo-controller 
should be built; 
 An evaluation of the maximum scan frequency reachable by the system, considering all the 
components limitations needs to be done. 
THERMAL CONTROL: 
 The circuit we designed needs to be physically built and tested; 
 A PID control of the tip resistance values needs to be designed;  
 A software interface that could set the parameter of ARDUINO depending on the scan 
mode to perform needs to be developed; 
 Change the probe and choose and a new tip that has an higher value of the parameter α. 
SOFTWARE: 
A software, developed in Labview or Matlab, that could permit using the system setting all the pa-
rameters required and controlling all the processes occurring in the system should be faced soon or 
later. This part has not been faced at all in this thesis. 
 
The development of this SThM is an amazing adventure that has just begun. 
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Luca and its AFM 
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7 Appendix 
7.1 Appendix a: Connections 
ADWINGOLD 
FROM TO 
In1 Pin 3 PSD (VTB) 
In2 Pin 2 PSD (VLR) 
In3 Pin 4 PSD (VSUM) 
In4 Vout FilterButterwort8th order (Vtb filtered) 
GND Pin 6 PSD GND 
USB PC 
Out1 NC or probe  
Out2 Channel Input 1 piezo ( X ) 
Out3 Channel Input 2 piezo ( Y ) 
Out4 Channel Input 3 piezo ( Z ) 
 
PIEZO CONTROLLER 
FROM TO 
Channel Input 1 Out2 AdWinGold 
Channel Input 2 Out2 AdWinGold 
Channel Input 3 Out4 AdWinGold 
Monitor Channel 1 DMM or In5 AdWinGold 
Monitor Channel 2 DMM or In6 AdWinGold 
Monitor Channel 3 DMM or In7 AdWinGold 
 
LASER COHERENT 670 nm Red 
FROM TO 
Jack Input Switch Jack 
Switched Jack Channel 1 Laser Supplier, 5V 
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FILTER BUTTERWORTH 8TH ORDER 
FROM TO 
Vin  Pin 3 PSD (Vtb) 
Vout In4 AdWinGold 
VCC+ Channel 1 Parallel Supplier, Out+, +12V 
VCC- Channel 3 Parallel Supplier, Out-; -12V 
GND Both Channel 1Out- and Channel 3 Out+ 
 
PSD PHOTODIODE 
FROM TO 
PIN 1 (bias voltage input) NC 
PIN 2 (Vlr output) In2 AdWinGold 
PIN 3 (Vtb output) In1 AdWinGold 
PIN 4 In3 AdWinGold 
PIN 5 (VCC+, +15V) Supplier +15V output  
PIN 6 (GND) Both GND input of AdWinGold, Supplier 
GND input 
PIN7 (VCC-, -15V) Supplier -15V output  
 
Note: The thermal control has not been yet inserted into the system, therefore is not displayed. 
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7.2 Appendix b: Technical sheets of the eight order Butterworth filter 
Schematic view: 
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PCB view top: 
 
PCB view bottom: 
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